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ABSTRACT 

 

Increasing turbidity poses a major yet often overlooked threat to coastal marine ecosystems. 

By reducing light available for key benthic primary producers, increasing turbidity has the capacity 

to restructure marine communities and adversely impact coastal primary production. An important 

step to mitigating the effects of turbidity on coastal marine ecosystems is a better understanding of 

how the physiological and ecological performance of foundational species, such as kelp, are 

affected by turbidity. This research combined field studies across a large-scale turbidity gradient 

in the Hauraki Gulf, north-eastern New Zealand, and mesocosm experiments, to determine the 

effects of turbidity, and light, on the physiological performance, productivity and persistence of a 

subtidal kelp, Ecklonia radiata. Results from field studies showed that light was a primary driver 

of the morphology, photoacclimation response, distribution, and productivity of E. radiata in the 

Hauraki Gulf. Photosynthetic acclimation to low light was indicated by higher photosynthetic 

efficiencies and photosynthetic pigment content occurring at low light sites and in low light 

seasons. Field and mesocosm experiments also indicated that increases in seawater nitrogen 

availability had positive effects on the development of tissues in E. radiata, which may act to 

alleviate some of the physiological stress associated with living in low light environments and 

facilitate the persistence of E. radiata in turbid environments. Though E. radiata showed a marked 

capacity to acclimate to low light spatially and temporally through adjustments of the 

photosynthesis-irradiance response and thallus morphology, the growth, productivity and 

distribution of E. radiata was greatly reduced at the lowest light sites of the inner Hauraki Gulf. In 

these areas, the subtidal fucoid Carpophyllum flexuosum became the dominant canopy forming 

macrophyte suggesting that in low light environments E. radiata is unable to maintain dominance 

over low-light tolerant species such as C. flexuosum. This was corroborated by mesocosm 

experiments that suggested C. flexuosum was more tolerant to persistent low-light conditions than 

E. radiata. Results presented in this thesis show that the productivity of kelp forests declines with 

increasing turbidity and a shift from kelp-dominated to fucoid-dominated communities, which will 

likely be facilitated by future increases in turbidity, may have implications for overall ecosystem 

functioning and primary production. 
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CHAPTER I 

General Introduction 

 

1.1 Anthropogenic stressors and the coastal environment 

Coastal marine ecosystems are characterized by dynamic environmental conditions, high 

biodiversity, and unique species interactions. These terrestrial-marine junctions represent some of 

the most productive ecosystems worldwide (Mann  1973; Duggins et al.  1990; Costanza et al.  

1997; Clark et al.  2004). Recreational and commercial fishing, trade and transportation, 

aquaculture, and tourism are just some of the economic benefits provided by our coastlines 

(Costanza et al.  1997). It is therefore not surprising that thousands of people move to the coast 

each day (Nicholls & Small  2002).  Industrialization since the mid-1800s along with growing 

human populations has added obvious pressures to marine ecosystems, including fishing, 

harvesting, pollution, eutrophication, and sedimentation (Grainger & Garcia  1996; Cambers  1997; 

Pauly et al.  1998; Bricker et al.  1999; Jackson et al.  2001; Kennish  2002; Islam & Tanaka  2004; 

Kemp et al.  2005; Halpern et al.  2008; Keeling et al.  2010; Sutherland et al.  2014). These 

anthropogenic stressors elicit a variety of independent and interacting impacts on marine 

ecosystems that vary in frequency and magnitude (Cambers  1997; Kennish  2002; Islam & Tanaka  

2004; Harley et al.  2006; Halpern et al.  2008; Russell et al.  2009; Connell & Russell  2010; 

Keeling et al.  2010; Russell & Connell  2014; Sutherland et al.  2014). Though perhaps more 

manageable on smaller spatial and temporal scales (Shears & Babcock  2002; Islam & Tanaka  

2004; Lotze et al.  2006; Brown et al.  2013; Schiel  2013; Paerl et al.  2014), these localized 

stressors, along with environmental shifts associated with climate change, have the capacity to 

restructure marine communities and weaken ecosystem resilience (Harley et al.  2006; Airoldi & 

Beck  2007; Shepherd et al.  2009; Foster & Schiel  2010; Wernberg et al.  2010; Strain et al.  2014).  

 

1.1.1 Turbidity and light 

An important localized stressor that has implications for coastal ecosystems globally, is the 

degradation of water quality and increase of terrigenous matter in coastal waters adjacent to human-

developed landscapes. Indeed, growing evidence suggests that increasing turbidity and 

sedimentation are fundamental threats to coastal marine ecosystems globally (Airoldi  2003; 

Connell  2007; Kavanaugh et al.  2009; Strain et al.  2014; Deregibus et al.  2016). The 

consequences of increased settled and suspended terrigenous sediment in coastal waters include 

the exclusion of intolerant species (Daly & Mathieson  1977), inhibition of recruitment and 
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settlement of reproductive phases (Dayton  1975; Devinny & Volse  1978; Alestra et al.  2014), 

and reduction of species performance and survival (Seapy & Littler  1982; Branch et al.  1990; 

Chapman & Fletcher  2002). Moreover, coastal communities are often sustained by the ecosystems 

services of key benthic primary producers, which rely on light as the primary source of energy. 

Reductions in light caused by human-induced increases in turbidity is therefore one of the biggest 

threats to coastal ecosystems (Airoldi  2003; Aumack et al.  2007; Shepherd et al.  2009; Derrien-

Courtel et al.  2013; Desmond et al.  2015).  

Reductions in light are the result of decreased water clarity which is caused by the scattering 

and absorption of light by suspended particles, dissolved organic matter (DOM), phytoplankton, 

and other microscopic organisms (Kirk  1985; Davies-Colley & Smith  2001). Hence, influxes of 

land-based sediments due to heavy rainfall (Hickman  1979; Nash  1994; Jing & Ridd  1996), and 

the resuspension of sediments by wind, waves and currents (Larcombe et al.  1995; Abal & 

Dennison  1996; Jing & Ridd  1996; Storlazzi et al.  2009; Fabricius et al.  2013), result in decreased 

water clarity and, consequently, decreased underwater irradiance. Coastal erosion, which 

accelerates the input of terrigenous matter into coastal waters, can be exacerbated by anthropogenic 

activities such as deforestation, farming, and coastal urban development, as well as, increases in 

storms and sea levels predicted to occur with climate change (Thrush et al.  2004; Syvitski et al.  

2005; Klein et al.  2012; Fabricius et al.  2014). Furthermore, increases in seawater nutrients caused 

by agricultural practices and poor sewage management often result in phytoplankton blooms that 

further block out light to the coastal communities below (Valiela et al.  1997; Anderson et al.  2002; 

Beman et al.  2005). 

 

1.2 Benthic primary producers 

Marine photoautotrophs (obligate photosynthetic organisms; e.g. phytoplankton, benthic 

microalgae, and macroalgae) are the foundational organisms of coastal productivity (Mann  1973; 

Falkowski  1994; Duarte & Cebrián  1996; Finkel  2014). By harnessing the sun’s energy and 

sequestering carbon from the water, marine photoautotrophs provide the oxygen and nutrients 

crucial to fuelling ocean food webs (Dayton  1985a; Duggins et al.  1989; Longhurst et al.  1995; 

Duarte & Cebrián  1996). Net primary production (NPP) of marine ecosystems is comparable to 

that of terrestrial systems and is estimated at 44 to 67 Gt of carbon annually (Field et al.  1998; 

Westberry et al.  2008; Finkel  2014). The most characteristic photoautotrophs in coastal habitats 

are the large, fleshy, macroalgae found from the low intertidal down to the limits of the subtidal 

photic zone. Though accounting for only a small fraction of the earth’s primary producers, 

macroalgae or seaweeds are highly productive on a per biomass basis (Falkowski & Raven  2007).  
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1.2.1 Light limitation in macroalgae 

The light (photon flux density) available to macroalgae for photosynthesis, or 

photosynthetically active radiation (PAR; 400 to 700 nm), decreases exponentially through the 

water column (Jerlov  1968; Kirk  1985). The degree to which irradiance decreases with depth, also 

known as the attenuation coefficient, is dependent on light absorption and scattering (Kirk  1985). 

Light reaches greater depths in clear oceanic as opposed to turbid coastal waters where increased 

scattering and absorption of photons results in comparatively low photon flux densities (PFD) 

(Jerlov  1968). Additionally, the differential scattering and absorption of different wavelengths 

results in a shift in the spectral irradiance from oceanic to coastal waters (Jerlov  1968; Robinson 

& Mitchelson  1983; Kirk  1985; Bowers & Binding  2006). Changes in light attenuation and 

spectral composition caused by turbidity can greatly alter the physiological performance, 

geographical distribution, and depth zonation of macroalgae (Lüning & Dring  1975; Airoldi & 

Cinelli  1997; Shepherd et al.  2009; Kirk  2011; Huovinen & Gómez  2013). Indeed, the maximum 

depth at which a species can exploit is, in part, limited by the minimum light levels required to 

meet the metabolic requirements of that macroalga (Hanelt & Figueroa  2012). For example, kelps 

are typically restricted to depths where irradiance is greater than  ~0.6-1.2% of surface irradiance, 

whereas some red algae can be found in areas with irradiance levels as little as 0.01 to 0.1 % of 

surface irradiance (Lüning  1981, 1990; Markager & Sand-Jensen  1992). 

The bathymetric and geographical distribution of a species is highly dependent on the 

ability of an individual to acclimate and adapt to local environmental conditions. Hence, extreme 

and prolonged changes in the light environment, such as significantly decreased light due to 

sediment plumes from runoff events, resuspended sediments following storms, or phytoplankton 

blooms, may be detrimental to the subtidal community (Cosper et al.  1987; Airoldi & Cinelli  1997; 

McGlathery  2001; Shepherd et al.  2009). For example, in an Australian temperate coastal 

embayment, declining water quality in the 1980s, as a result of coastal development and severe 

erosion of mudbanks, led to reductions in algal depth distribution (Shepherd et al.  2009). The 

vertical extent of canopy macroalgae, fucoid and laminarians, decreased from 8 m in the late 1960s 

to 3 m in the 2000s, while the maximum depth of understory species decreased from 13 m to 4 m.  

 

1.2.2 Light acclimation in macroalgae 

Underwater light in coastal environments is naturally variable due to diel and seasonal solar 

cycles and their interactions with intervening conditions such as cloud cover, tidal fluctuations, 

wave action, and properties associated with water column clarity (Kain  1971; Lüning  1971; 
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Lüning & Dring  1979; Anthony et al.  2004). Changes in PFD at a given depth can be as great as 

250-fold throughout the year (Kain et al.  1975). In order to cope with a naturally dynamic light 

environment, macroalgae have developed a number of acclimation mechanisms that include a 

combination of cellular, metabolic, and morphological changes (Falkowski & LaRoche  1991; 

Henley  1993; Kirk  2011). These responses may be employed to enhance (e.g. photoacclimation) 

or regulate (e.g. dynamic photoinhibition) photosynthesis during periods of low and high light 

respectively (Falkowski & Raven  2007; Kirk  2011). For example, diel patterns of light acclimation 

are common in macroalgae and are characterized by increased photosynthetic efficiency in the 

morning, when light is low, and reduced efficiency or dynamic photoinhibition around mid-day 

when light can be super-saturating and potentially harmful (Hanelt et al.  1993; Häder & Figueroa  

1997). Such short-term responses to changing light may involve the adjustment of photosynthetic 

pigment concentrations and ratios, lipid content and composition, and changes in cellular 

orientation and morphology, including cell volume or thylakoid membrane size and density 

(Falkowski & LaRoche  1991; Kirk  2011). Alternatively, changes in thallus morphology can be a 

more useful acclimation strategy for steady-state changes in light, such as differences in light 

encountered at different depths. Ultimately, these acclimation strategies serve to optimize 

photosynthetic output and maximize thallus growth while decreasing costs associated with living 

in dynamic environments (Falkowski & LaRoche  1991; Kirk  2011).  

 

1.2.3 Acclimation to low light 

 Under low light conditions, macroalgae typically increase photosynthetic pigment 

concentrations in order to increase the size or functional absorption cross-section of photosynthetic 

units (PSUs) (Falkowski & LaRoche  1991). This acts to enhance the capture and utilization of 

photons and generally results in a higher photosynthetic efficiency () and decreased compensation 

irradiance (Ec; the irradiance required to balance respiration with photosynthesis). By adjusting the 

morphology and orientation of cellular components, or increasing thallus surface area to volume 

ratios, macroalgae can also decrease self-shading and enhance the exposure of PSUs to photons 

(Falkowski & Owens  1980; Enríquez et al.  1996; Kirk  2011). The increase in photosynthetic 

efficiency can also result in an increase in the maximum rate of photosynthesis under saturating 

light conditions (Pmax) (Ramus  1981). Ultimately, the energy used to produce and maintain 

photosynthetic pigments and increase photosynthetic efficiency will be limited in-part by light 

availability. It is also advantageous for macroalgae in low light environments to reduce energy lost 

through respiration, thus rates of respiration (Rd) are generally reduced under low light (Kirk  2011). 
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Hence, the production of photosynthetic materials must outweigh the cost the associated increases 

in respiration. 

Reductions of underwater light can be unpredictable in occurrence, frequency, and 

magnitude. For example, steady inputs of terrigenous matter can result in a slow and persistent 

degradation of the light environment whereas, heavy rainfalls, storm activity, and anthropogenic 

disturbances, such as dredging, can result in extreme pulses of highly turbid waters that cause 

extreme low light events (Pennekamp & Quaak  1990; Thrush et al.  2004; Syvitski et al.  2005; 

Seers & Shears  2015).  Despite the considerable capacity of macroalgae to acclimate to low light, 

severe prolonged or rapid degradation of the underwater light environment will ultimately have 

costs (Cosper et al.  1987; Airoldi & Cinelli  1997; McGlathery  2001; Shepherd et al.  2009; 

Desmond et al.  2015). Though the effects of turbidity have been well studied on estuarine vascular 

plants (e.g. Goldsborough & Kemp  1988; Abal & Dennison  1996; Vermaat et al.  1998; Ruiz & 

Romero  2003; Newell & Koch  2004), the direct effects of high turbidity, and the resulting 

reduction of light, are poorly understood for subtidal marine macroalgae (but see Nielsen et al.  

2002; Aumack et al.  2007). 

 

1.3 Kelp forests 

1.3.1 Ecological importance 

Kelps, seaweeds of the order Laminariales, contribute the highest biomass of 

photoautotrophs in coastal temperate and subtropical areas (Dayton  1985b; Steneck et al.  2002; 

Bartsch et al.  2008). In many temperate systems, subtidal reefs are dominated by canopies (surface 

or subsurface) of large kelps. By providing habitat and nursery grounds for a myriad of species, 

and ameliorating stressors on understory and intertidal habitats (Santelices & Ojeda  1983; Duggins 

et al.  1990; Bruno & Bertness  2001; Graham  2004; Christie et al.  2009), kelps hold a crucial 

status as “ecosystem engineers” (sensu Jones et al.  1994). Kelp forests are some of the most 

productive ecosystems in the world, producing as much carbon per unit area as some of the most 

productive terrestrial forests (Mann  1973; Reed et al.  2008). The carbon produced by kelp through 

photosynthesis fuels marine food webs through the primary production of tissues and secondary 

production of detritus and dissolved organic carbon (Duggins et al.  1989; Lobban & Harrison  

1994; Krumhansl & Scheibling  2012). Kelps are not only beneficial to the ecosystems in which 

they are found but can be invaluable contributors of secondary production to nearshore aquatic and 

terrestrial ecosystems, and offshore deep-water communities (Duggins et al.  1989; Bustamante & 

Branch  1996; Harrold et al.  1998; Krumhansl & Scheibling  2012). 
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1.3.2 Threats to kelp forests 

Though highly adaptable to variation in local environments (Gerard  1988; Friedland & 

Denny  1995; Fowler-Walker et al.  2005; Fowler-Walker et al.  2006; Demes et al.  2009), the 

overall health and productivity of kelps and their associated ecosystems are dictated by a delicate 

balance of abiotic (e.g. light, nutrients, wave action) and biotic (e.g. grazing, inter- and intraspecific 

competition, recruitment) factors. Conceivably, human-induced stressors, along with 

environmental shifts associated with climate change, have the largest capacity to degrade and 

restructure kelp-dominated communities (Steneck et al.  2002; Harley et al.  2012). Degradation, 

geographic shifts, and complete loss of kelp forests due to anthropogenic stressors have been 

documented globally (Serisawa et al.  2004; Airoldi & Beck  2007; Diez et al.  2012; Tanaka et al.  

2012; Andersen et al.  2013; Raybaud et al.  2013; Smale & Wernberg  2013; Wernberg et al.  

2013). Stressors receiving the most attention in the literature have included increases in sea 

temperature as a result of climate change (Tegner & Dayton  1987; Dayton et al.  1998; Scheibling 

& Gagnon  2009; Wernberg et al.  2010; Strain et al.  2014), storms (Dayton et al.  1984; Ebeling 

et al.  1985; Graham et al.  1997), disease (Scheibling & Hennigar  1997; Scheibling & Gagnon  

2009), eutrophication (Connell  2007; Connell et al.  2008; Gorman & Connell  2009; Moy & 

Christie  2012), and over-grazing as a result of shifted herbivore distributions and/or a breakdown 

of top-down control mechanisms (i.e. trophic cascades) (Scheibling et al.  1999; Lauzon-Guay & 

Scheibling  2007; Ling et al.  2015).  Despite the critical role of kelps as benthic primary producers, 

the impacts of turbidity, and the associated reduction of light, on kelp forest health have been 

relatively understudied (but see Aumack et al.  2007; Shepherd et al.  2009). Degradation of the 

underwater light environment in coastal habitats may result in reduced distributions, productivity, 

and ecological function that will ultimately impact the ability of kelp forests to cope with additional 

stressors such as those associated with climate change. Understanding the individual and interactive 

effects of current stressors on kelp forests is of upmost importance in order to predict and mitigate 

the effects of additional stressors in the future.   

 

1.3.3 Kelp forest productivity 

Productivity is the net result of the photosynthetic and respiratory processes of marine 

photoautotrophs (Falkowski & Raven  2007; Kirk  2011). By providing energy and the building 

blocks for almost all ecosystem metabolic processes, primary production is an important 

component to maintaining ecosystem health and functioning (Kirk  2011). As foundational species 

of many temperate rocky reef ecosystems around the world, understanding the drivers of variation 

in kelp productivity will be key to monitoring overall ecosystem health and functioning.  Kelp 
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forest productivity varies temporally among days, seasons, and years (Hatcher et al.  1977; Cheshire 

et al.  1996; Fairhead & Cheshire  2004a; Miller et al.  2011a; Finkel  2014; Rodgers et al.  2015) 

and spatially among different habitats and depths (Novaczek  1984; Kirkman  1989; Fairhead & 

Cheshire  2004a; Aumack et al.  2007; Rodgers et al.  2015). It is innately cued with seasonal 

changes in abiotic variables such as light and nutrient availability, and temperature (Chapman & 

Craigie  1978; Chapman & Lindley  1980; Gerard  1982a; Kain  1989). Unfavourable abiotic (e.g. 

light, temperature, salinity or nutrient) and biotic (e.g. grazing, epibiosis, disease, or mechanical 

abrasion) conditions ultimately result in physiological stress that affects photosynthetic activity, 

growth, and productivity (Bartsch et al.  2008).  

  

1.3.4 Measuring productivity 

A number of methods can be used to estimate kelp productivity. Likely the most common 

methods include monitoring growth and biomass accumulation over time (Mann  1973; Mann & 

Kirkman  1981; Kirkman  1984; Rassweiler et al.  2008; Reed et al.  2008, 2009). Much of the 

carbon produced through photosynthesis is integrated into tissues to support growth and maintain 

thallus structure. Hence, measurements of growth or biomass accumulation are relatively good 

estimates of total carbon production (Lüning  1979; Madsen & Sand-Jensen  1991). One caveat of 

using measurements of growth and biomass accumulation as indicators of NPP is that they often 

do no incorporate carbon that is lost through herbivory, exudation, tissue sloughing, dislodgment 

of whole individuals, or reproduction (Larkum  1986). 

An alternative method that gets around these constraints is the incorporation of rates of 

photosynthesis into a physiological model to estimate total carbon production (e.g. Hatcher et al.  

1977; Jackson  1987; Miller et al.  2012). Photosynthesis is the main metabolic process driving the 

production of carbon. In general, for every one molecule of O2 produced, one molecule of CO2 is 

fixed, though this relationship, termed the photosynthetic quotient, can vary among species and 

environmental conditions (Rosenberg et al. 1995, Pedersen et al. 2010, Kirk 2011). Rates of 

respiration and photosynthesis can be monitored using photorespirometry chambers. Estimates of 

NPP can then be determined by applying the relationship of photosynthesis with light (i.e. 

photosynthesis-irradiance curves) to a physiological model that incorporates incident irradiance 

and biomass (Gevaert et al.  2011; Miller et al.  2012; Rodgers et al.  2015; Tait et al.  2015; Rodgers 

& Shears  2016). In any case, incorporating estimates of growth, biomass, or photosynthetic activity 

into a model of net primary production provides an experimental framework to assess the current 

state of kelp forests and predict how productivity will be affected by inevitable changes in the 

marine environment. 
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1.4 Ecklonia radiata  

1.4.1 Distribution 

Ecklonia radiata (C. Agardh) J. Agardh is a perennial, stipitate kelp found throughout 

temperate regions of the southern hemisphere (Guiry  2018) and is often the dominant canopy-

forming species in subtidal rocky reef habitats in Australasia (Wernberg et al.  2003a; Shears & 

Babcock  2007). In New Zealand, E. radiata can be found along rocky coastlines of the North and 

South Islands and at fringing island groups including the Poor Knights Islands, Three King Islands, 

and Stewart Island (Choat & Schiel  1982; Schiel  1990; Adams  1994). In northeastern New 

Zealand, E. radiata is found in continuous, monospecific stands, from c. 6-18 m depth and in areas 

of exceptionally clear water can reach depths greater than 55 m (Grace  1983). At shallower depths 

(< 6 m) and in southern New Zealand, it is most commonly found in mixed stands with fucoid 

brown algae such as Carpophyllum and Cystophora species (Shears & Babcock  2007). 

 

1.4.2 Morphology 

The morphological characteristics of E. radiata are highly plastic and vary on local and 

regional scales (Wernberg et al.  2003a; Fowler-Walker et al.  2006; Wing et al.  2007; Miller et al.  

2011b; Mabin et al.  2013). Differences in physiology and morphology are the result of complex 

interactions including genetic variation (Fowler-Walker et al.  2006), light availability (Wing et al.  

2007; Shepherd et al.  2009), and hydrodynamic forces (Wernberg & Thomsen  2005). This 

plasticity allows E. radiata to persist under a wide range of abiotic environments (Wernberg et al.  

2003a; Wernberg & Thomsen  2005; Fowler-Walker et al.  2006; Miller et al.  2006; Miller et al.  

2011b; Mabin et al.  2013). In southern Australia, E. radiata individuals are characterized by 

relatively short stipes (< 10 cm) and long primary laminae (up to c. 100 cm) (Wernberg et al.  

2003a). Morphological variation among E. radiata populations in Australia are primarily driven 

by wave exposure gradients (Wernberg & Thomsen  2005) and temperature (Mabin et al.  2013). 

In northeastern New Zealand E. radiata have relatively long stipes (up to c. 150 cm) and short 

primary lamina (generally less than 40 cm) (Novaczek  1980).  

 

1.4.3 Light acclimation 

 E. radiata has been shown to use both physiological and morphological acclimation 

strategies to cope with changes in light seasonally and between depths (Fairhead & Cheshire  

2004b; Miller et al.  2006; Rodgers & Shears  2016). Under low light (i.e. at deeper depths and in 

low light seasons), E. radiata typically has higher photosynthetic pigment levels, higher 
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photosynthetic efficiency, and low compensation irradiances (Fairhead & Cheshire  2004b; Miller 

et al.  2006; Rodgers & Shears  2016). There is some evidence from Fiordland, New Zealand, that 

suggests E. radiata also copes with low light by decreasing lamina thickness (Miller et al.  2006). 

While the aforementioned studies are useful for understanding the general patterns of acclimation 

in E. radiata, they are limited in their spatial scope.  

 

1.4.4 Growth and productivity 

Biomass accumulation of adult E. radiata is generally highest in spring, followed by 

increased tissue sloughing with warm temperatures in summer and reduced growth through autumn 

and winter (Novaczek  1984; Larkum  1986; Kirkman  1989; Miller et al.  2011b). Variation in 

biomass over this seasonal cycle is more pronounced in individuals at shallower rather than deeper 

depths (Novaczek  1984; Rodgers et al.  2015). For example, at Goat Island, New Zealand, E. 

radiata showed seasonal differences with summer biomass being 2.5 times higher at shallow (6 m) 

compared to deeper depths (14 m) (Rodgers et al.  2015). Furthermore, productivity can vary inter-

annually as shown by estimates for kelp beds at Goat Island. In the late 1970s productivity was 

estimated at 10.4  and 8.5 g C per individual y-1 at 6 m and 14 m depths, respectively, by Novaczek 

(1984) whereas Rodgers (2014) gave higher estimates of 48.6 g C per individual y-1 at 6 m and 

29.5 g C per individual y-1 at 14 m between 2012 and 2013. These rates were somewhat lower than 

that reported for E. radiata in southern New Zealand (Miller et al.  2011b) and Australia (Larkum  

1986; Kirkman  1989), however some of the variation in productivity estimates may stem from 

differences in methodologies or population dynamics.   

 

1.5 Study location – Hauraki Gulf, north-eastern New Zealand 

The rocky subtidal of New Zealand represents an ideal location for studying the interactive 

effects of human- and climate-induced stressors on kelp forest productivity. With greater than 14, 

000 kilometres of coastline spanning over 10° of latitude, New Zealand boasts lush temperate 

marine ecosystems with annual average sea temperature ranging from c. 10°C in the south to 16°C 

in the north. However, increased sedimentation and eutrophication, compounded with fishing 

pressures, and the introduction of invasive species, have led to drastic shifts in the surrounding 

marine ecosystems of coastal areas (Goff  1997; Shears & Babcock  2002; Hayward et al.  2006; 

Grenfell et al.  2007; James et al.  2014; Desmond et al.  2015; Seers & Shears  2015).  

In north-eastern New Zealand, environmental shifts associated with climate change most 

likely to impact benthic marine communities include rising sea level and increased storm activity 

(Ackerley et al.  2013; Kopp et al.  2014; Mullan et al.  2016), whereas increases in sea surface 
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temperatures, which have led to shifts and declines of E. radiata populations in Australia 

(Wernberg et al.  2010; Wernberg et al.  2011), are predicted to be relatively small (Shears & 

Bowen  2017). In coastal New Zealand, total suspended sediment, rather than chlorophyll a 

concentrations, is the best predictor of turbidity (Seers & Shears  2015).  At present, increases of 

turbidity in coastal areas of New Zealand are predominately mediated by land use and erosion 

(Seers & Shears  2015). Conceivably, increased storm frequency and magnitude (Thrush et al.  

2004; Seers & Shears  2015), along with predicted sea level rises (Rahmstorf  2007), in the future 

will exacerbate turbidity in New Zealand and negatively impact subtidal communities. Though 

steps have been taken to control sediment loading caused by new land development in well-

developed areas, such as the Hauraki Gulf in north-eastern New Zealand, it remains to be seen how 

beneficial these strategies have been in lowering turbidity (Seers & Shears  2015). 

The Hauraki Gulf, the body of water neighbouring Auckland, New Zealand’s largest city, 

experiences heightened sediment loading due to anthropogenic catchment activities including 

farming, forestry, and land development (Goff  1997; Hayward et al.  2006; Grenfell et al.  2007). 

Large rivers with high sediment loads in the inner Hauraki Gulf result in a gradient from highly 

turbid waters in the inner Gulf to relatively clear, oligotrophic waters at the outer Gulf islands. This 

provides an ideal seascape for investigating the effects of light limitation on kelp forest production. 

At outer Gulf sites E. radiata generally forms monospecific stands from ~ 4 to greater than 20-m 

depth, while towards the inner Gulf the abundance and vertical distribution of E. radiata becomes 

greatly reduced and the fucoid species Carpophyllum flexuosum typically dominates (Grace  1983).  

The research presented in this thesis was carried out at sites spanning a c. 100 km turbidity 

gradient in the Hauraki Gulf (Figure 1.1). The study sites were characterized by gently sloping 

rocky reefs to at least 12 m depth (below mean low water) with the presence of E. radiata. Due to 

the enclosed nature of the Hauraki Gulf, other environmental factors also vary across this gradient 

in the Hauraki Gulf. To control for variation in environmental conditions that are known to 

influence the physiology of kelp, such as hydrodynamic forces, studies were conducted at a 

consistent depth (~ 10 m below MLWS) and only at moderately exposed sites. Efforts were also 

made to quantify other potentially confounding variables from the Inner to Outer Hauraki Gulf (i.e. 

light and seawater nutrients).  

 

1.6 Thesis aims and outline 

Understanding how current environmental stressors drive changes in coastal productivity 

will be crucial to managing and maintaining healthy ecosystems in the future. The increasing threat 

of turbidity on marine ecosystems, particularly key benthic primary producers, calls for more in-
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depth evaluation of the consequences of reduced water clarity on subtidal kelp populations. The 

focus of this thesis was to investigate the ability of a foundational species, Ecklonia radiata, to 

acclimate and function in a degrading light environment and to assess the implications of 

decreasing light on E. radiata populations and kelp forest productivity. This was carried out using 

a combination of field studies and laboratory experiments that investigated the effects of elevated  

 

 

Figure 1.1. Satellite image of New Zealand (A) with a magnified view of the Hauraki Gulf (B) 

(Google Earth Pro, v 7.3.0.3832, 30 January 2018). Outer Gulf sites are characterized by relatively 

clear waters with monospecific Ecklonia radiata canopies at 8-10 m depth (C), while inner Gulf 

sites are more turbid with mixed canopies of E. radiata and Carpophyllum flexuosum (D).    

 

turbidity and reduced light on the physiological performance and productivity of E. radiata. The 

thesis is composed of five data chapters (outlined below). Chapters II – VI are written in a format 

compatible with the publication of research articles, which explains the repetition of information 

where appropriate.  
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1.6.1 Thesis objectives 

Chapter II – An important step to understanding the effects of reduced benthic irradiance due to 

elevated turbidity on key foundational species, such as kelp, requires a better understanding of how 

physiological and ecological performance varies with turbidity. The objective of this chapter was 

to quantify the morphological and physiological response of E. radiata to low light. This was 

achieved by measuring multiple morphological characteristics, photosynthesis-irradiance response, 

and photosynthetic pigment content of adult canopy-forming individuals from nine sites across a 

turbidity gradient in the Hauraki Gulf. 

 

Chapter III - Understanding the photoacclimation response of macroalgae across broad spatial 

and temporal scales is an integral part to making robust predictions of net primary production. The 

objective of Chapter III was to investigate how photoacclimation of E. radiata varies both spatially 

and seasonally across the Hauraki Gulf. Specifically, photosynthesis-irradiance curves, derived 

under laboratory conditions, and photosynthetic pigment content, were quantified for whole adult 

E. radiata collected from seven sites in the Hauraki Gulf seasonally. This helped to assess the 

seasonal consistency of patterns observed in Chapter II and also provides the information on 

photosynthetic parameters required to model net primary productivity (Chapter IV).   

 

Chapter IV - The objective of this chapter was to gain a more holistic understanding of how 

variation in turbidity affects the distribution and productivity of kelp. This was achieved by 

examining the depth distribution and quantifying the annual productivity of E. radiata at seven 

sites across the turbidity gradient in the Hauraki Gulf. Two methods for estimating net primary 

production were used. The first method monitored biomass accumulation over time, which is a 

reasonable measure of carbon allocated to tissue growth, and the second method involved the 

incorporation of photosynthetic parameters measured in Chapter III with kelp biomass and 

underwater irradiance data, to estimate seasonal and annual NPP. 

 

Chapter V – The aims of Chapter V were to investigate the low-light tolerance of two habitat-

forming brown algae that vary in their distribution in relation to turbidity and to determine the 

influence of the temporal delivery of light on their acclimation response and productivity. Two 

mesocosm experiments were used to compare the physiological performance of the kelp E. radiata 

and the fucoid Carpophyllum flexuosum under press (persistent low light environments) and pulse 

(intermittent and extreme periods of low light) low-light disturbances.   
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Chapter VI - Increased input of terrigenous matter and pollution into coastal marine ecosystems 

results in both a decline in benthic irradiance and an influx of nutrients. Though low light conditions 

have been demonstrated to have adverse costs for benthic primary producers, associated increases 

in nutrients may alleviate some of this stress by enhancing physiological performance. The 

objective of this chapter was to investigate the interactive effect of low light and increased nutrient 

availability on the growth and physiological response of E. radiata. This was done using field and 

mesocosm experiments in which nutrients and light were manipulated.   

 

Chapter VII - This chapter presents a summary of the main findings of the research presented in 

the preceding chapters and discusses the broader implications of these findings, limitations of the 

study, and avenues of future research. 
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CHAPTER II 

Morphological and photosynthetic acclimation of the kelp Ecklonia radiata 

across a turbidity gradient 

 

2.1 Introduction 

Increasing turbidity and sedimentation have been recognized as a fundamental threat to 

coastal ecosystems globally (Airoldi & Cinelli  1997; Roleda et al.  2008; Kavanaugh et al.  2009; 

Smith & Schindler  2009; Desmond et al.  2015). Sediment discharge into coastal waters is 

enhanced by numerous human-driven activities such as farming, forestry, and urban development, 

and can be exacerbated by climatic factors such as increased precipitation, storm activity, and sea 

level rise (Davies-Colley & Smith  2001; Thrush et al.  2004; Syvitski et al.  2005; Storlazzi et al.  

2009; Klein et al.  2012; Fabricius et al.  2014; Seers & Shears  2015). One of the most drastically 

changing environmental parameters associated with turbidity is underwater light, which is a critical 

energy source for benthic primary producers (Jerlov  1968; Kirk  2011). In addition to natural 

fluctuations in underwater light due to daily, seasonal, and climatic factors, increased turbidity 

caused by terrestrial runoff reduces both the quantity and quality of light available for 

photosynthesis. This has adverse costs for key benthic primary producers and major implications 

for coastal food webs (Airoldi & Cinelli  1997; Roleda et al.  2008; Kavanaugh et al.  2009; Harley 

et al.  2012; Desmond et al.  2015). Due to the highly dynamic nature of underwater light over 

small to large spatial and temporal scales (Jerlov  1968), macroalgae must be able to acclimate to 

acute and chronic changes in light to ensure optimal photosynthetic performance and growth rates 

(Falkowski & LaRoche  1991; Kirk  2011).  

In order to cope with a constantly changing light environment, macroalgae have evolved 

the ability to make cellular, physiological, and morphological adjustments on relatively short time 

scales (Falkowski & LaRoche  1991; Henley  1993; Kirk  2011). At the cellular level, macroalgae 

may photoacclimate to low light by increasing photosynthetic pigments or adjusting pigment ratios 

(Ramus et al.  1976a; Ramus et al.  1976b; Henley & Dunton  1995; Machalek et al.  1996; 

Campbell et al.  1999; Aguilera et al.  2002). This acts to increase the number of photosynthetic 

units (PSUs) and/or the size of the functional absorption cross section of PSUs (Falkowski & 

LaRoche  1991; Kirk  2011). These adjustments ultimately enhance the capture and utilization of 

available photons and typically result in an increase in photosynthetic efficiency (α) and maximum 

photosynthetic output (Pmax) (Falkowski & LaRoche  1991; Kirk  2011). Morphological 

photoacclimation responses may include changes to the thallus surface area and surface area to 
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volume ratios (i.e. tissue thickness) (Agustí et al.  1994; Enríquez et al.  1996), as well as changes 

to overall thallus structure (e.g. thallus height and frond branching) (Ramus  1990; Lobban & 

Harrison  1994). Under low light conditions, a decrease in thallus thickness or increase in the 

surface area to volume ratios enhances the efficiency of photon capture by maximizing the 

exposure of photosynthetically active tissue to irradiance and minimizing internal self-shading of 

cellular components (Agustí et al.  1994). Less explored in the literature is how these cellular and 

morphological photoacclimation responses interact with thallus structure and form in the natural 

environment to optimize productivity (Ramus  1990; Agustí et al.  1994; Lobban & Harrison  1994; 

Weykam et al.  1996).  

The kelp Ecklonia radiata is the dominant canopy-forming macroalga of subtidal rocky 

reefs in northern New Zealand (Choat & Schiel  1982; Shears & Babcock  2007) and temperate 

regions of Australia (Wernberg et al.  2003b). In addition to being a highly productive primary 

producer, E. radiata provides food and habitat to many ecologically and economically important 

invertebrate and fish species (Russell  1977; Smith et al.  1996; Taylor  1998; Babcock et al.  1999). 

Being a subsurface canopy-former, E. radiata is highly vulnerable to reductions in water clarity 

and light. However, like other macroalgae, E. radiata is able to make morphological and 

physiological changes to enhance photosynthetic capacity and growth under low light conditions 

(Fairhead & Cheshire  2004b; Miller et al.  2006; Staehr & Wernberg  2009; Rodgers & Shears  

2016). For example, in fjords of southern New Zealand, where tannin-stained, low-salinity surface 

waters reduce the available light to underlying benthic communities, E. radiata acclimates to low 

light conditions by increasing photosynthetic pigment content and decreasing thallus tissue 

thickness (Miller et al.  2006). Consequently, photosynthetic efficiency (α) is increased and the 

irradiance at which photosynthesis matches respiration, i.e. compensation irradiance (Ec), is 

decreased. E. radiata also acclimates to seasonal changes in light, as demonstrated by increased 

photosynthetic pigment content and photosynthetic efficiency occurring in winter (Fairhead & 

Cheshire  2004b; Rodgers & Shears  2016). In these cases, the increase in photosynthetic efficiency 

also corresponded with increased Pmax. 

The thallus morphology of E. radiata is highly variable throughout its geographic 

distribution (Novaczek  1984; Wernberg et al.  2003a; Wernberg & Thomsen  2005; Miller et al.  

2006; Wing et al.  2007; Staehr & Wernberg  2009; Mabin et al.  2013). Yet, relatively little is 

known of how this morphological variation interacts with photoacclimation responses at a cellular 

and physiological level (but see Miller et al.  2006; Rodgers et al.  2015). To add to this, 

environmental gradients are ubiquitous in coastal marine ecosystems resulting in co-varying 

environmental parameters making it difficult to understand the drivers of photoacclimation under 
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natural conditions. Therefore, carefully designed studies and experiments are required to 

disentangle the effects of individual and interacting stressors on the photoacclimation response of 

macroalgae. Despite the importance of Ecklonia forests to rocky reef ecosystems throughout New 

Zealand and Australia, the effects of increased turbidity and the resulting low light environments 

on kelp forest production have been relatively unstudied (but see Shepherd et al.  2009). 

Investigating the ability of E. radiata to acclimate to a degraded light environment will be 

important to understanding how turbidity compromises overall reef productivity and functioning, 

and how this might change with further stressors associated with climate change.  

The Hauraki Gulf in north-eastern New Zealand (Figure 2.1) provides a large-scale gradient 

in turbidity to examine how variation in turbidity affects the ecological and physiological 

performance of E. radiata. Farming, forestry, and urban development near Auckland have 

drastically increased turbidity in the inner Hauraki Gulf through export of terrestrial sediments 

resulting in a strong gradient of increasing turbidity from the outer to inner Hauraki Gulf (Thrush 

et al.  2004; Seers & Shears  2015). Previous studies have shown E. radiata forms extensive mono-

specific stands to depths >20 m in the outer Gulf but is restricted to shallower depths in the inner 

Gulf (Choat & Schiel  1982; Grace  1983; Shears & Babcock  2004). These patterns have been 

attributed to the co-varying effects of turbidity, wave exposure and depth.  This study aimed to 

investigate the relationship of the dominant canopy-forming species, E. radiata, with turbidity to 

understand the capacity of E. radiata to acclimate to low light. Specifically, differences in 

morphology, pigment content and photosynthesis-irradiance response of adult canopy-forming 

individuals at nine study sites were examined along a turbidity gradient in the Hauraki Gulf. To 

account for the variation associated with hydrodynamic forces, kelp was examined at a constant 

depth and at sites with moderate wave exposure. Variation in other environmental parameters were 

also quantified and these were factored into the analyses.  It was expected that canopy adults from 

low-light sites would show obvious signs of photoacclimation including higher photosynthetic 

pigment content and higher lamina surface area: volume, which would result in greater 

photosynthetic efficiency (α) and capacity (Pmax) than individuals from high-light, outer Gulf sites. 

 

2.2 Materials and Methods 

2.2.1 Study sites 

 This study was carried out at nine sites located across a turbidity gradient in the Hauraki 

Gulf (Figure 2.1). The sites span a distance of ~ 100 km with three inner, middle, and outer Gulf 

sites, each separated by > 5 km. Each site is characterized by subtidal rocky reefs with the presence 

of E. radiata in at least 8-10 m depth. The seascape of the Hauraki Gulf is characterized by multiple 
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co-varying environmental parameters. Turbidity and land-based nutrient inputs typically increase 

towards the inner Gulf whereas wave exposure decreases. The main interest of the current study 

was the effects of turbidity on kelp, thus, to control for variation in wave exposure, sites that were 

semi-protected from wind and wave activity were chosen.  

 

2.2.2 Light 

In situ irradiance as photon flux density (photosynthetically active radiation, PAR 400-700 

nm) was monitored at 10-m depth at each site from c. September 2015 to March 2016 using 

integrating data loggers with cosine-corrected sensors (Odyssey Photosynthetic Irradiance 

Recording System, Dataflow Systems Pty Ltd, New Zealand). Loggers were mounted vertically, 

approximately 20 cm above the seafloor, on a stainless rod embedded in the reef with epoxy. To 

eliminate shading, all macroalgae within a one metre radius of the loggers was removed and 

maintained clear during subsequent visits to the site. Additionally, loggers were cleaned or replaced 

every 2-3 months by divers to reduce the effects of fouling on light data. Irradiance at the surface 

was also recorded with a terrestrial logger at three of the sites (an inner, mid, and outer Gulf site). 

Calibration curves for each logger were produced prior to deployment by fitting a linear regression 

between raw data from loggers (mvolts) and photon flux density values from a calibrated LI-190 

terrestrial quantum sensor or LI-192 underwater quantum sensor (LI-COR Biosciences, USA). 

Surface loggers were calibrated on land from full sunlight (c. 2200 µmol photon m-2 s-1) to complete 

darkness.  It was not feasible to calibrate PAR loggers used underwater at the deployment depth 

(10 m). Thus, calibration curves for these PAR loggers were constructed from data collected c. 1-

m subsurface. Integrated photon flux density (PFD, µmol photons m-2 s-1) was recorded every 5 

min. Total daily PFD (mol photons m-1 day-1) was calculated for every day for the duration of the 

study.  

Some fouling of the sensors was inevitable during the deployments. To correct for fouling, 

a combination of two methods were used. First, the difference in irradiance recorded by the fouled 

logger and clean replacement logger was used to determine total fouling at the end of the logger 

deployment. Second, the maximum weekly photon flux density data at 10-m depth was compared 

with that estimated from the nearest surface logger and associated attenuation coefficients for 10-

m depth. The fouling trajectory was then estimated as the difference between observed and 

estimated values. In cases, where 100 % fouling occurred (i.e. no light recorded), the data were 

discarded.  
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Additional environmental parameters including temperature, nutrients, and sea water 

chlorophyll a content were monitored at each site from January 2015 through to September 2017. 

Details on methodology can be found in Appendix 2.A.  

 

2.2.3 Morphology and canopy density 

To characterize the relationship between morphology and turbidity, E. radiata from 8-10-

m depth at each of the nine study sites were collected in December 2015. At each site fifteen adult 

individuals were collected for morphometric measurements. For each individual, stipe length (SL), 

primary lamina length (PLL) and width (PLW), secondary lamina length (SLL) and width (SLW), 

and lamina volume were measured, and the number of secondary laterals counted.  Stipe and lamina 

fresh and dry weight (air dried and then dried for 48 hrs in a 60°C drying oven) were also measured.  

 To estimate the density of E. radiata at each of the nine sites all adult E. radiata within five 

randomly placed 1-m2 quadrats were counted and measured. For each quadrat, densities of adult 

canopy-forming E. radiata were converted to an estimate of total canopy biomass (kg fw m-2) using 

the average biomass of individuals collected from each site.  

 

2.2.4 In situ measurement of photosynthesis-irradiance parameters 

In situ photosynthesis versus irradiance (P-E) measurements of adult E. radiata were made 

in summer (February) 2016 using photorespirometry chambers described in detail by Rodgers et 

al. (2015). Nine adult E. radiata from each site were randomly selected from horizontal reefs at ~ 

10-m depth. All measurements were made on sunny days between 1000 and 1600 h using three 

replicate chambers that were simultaneously deployed. Dissolved oxygen and temperature within 

chambers was logged once per minute by D-OptoLogger optical dissolved oxygen loggers (Envco, 

New Zealand). Loggers were calibrated prior to each deployment. Irradiance was recorded inside 

the chamber using a PAR logger mounted at the top of the chamber unimpeded by algal fronds. 

Due to subtle swaying movements of the chambers and consequently the internal PAR logger, with 

swell and current, an additional PAR logger was attached to each lift line in line with the chambers 

to ensure accurate irradiance readings. 

For each adult kelp, photosynthesis vs irradiance curves (P-E curves) were determined by 

measuring dark respiration (Rd) and net photosynthesis at six irradiances for 10-min duration each. 

Dark respiration was measured by enclosing each chamber in a double layer of black plastic. With 

kelp attached to the reef, light levels were manipulated using shade cloth. In order to reach 

saturating irradiances, the kelp was then detached from the substrate and attached to a taught line 

connected to a subsurface buoy, and suspended at shallower depths. Ultimately, each kelp was 
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exposed to 65% (1 layer of shade cloth) and 100% (no shade cloth) of ambient irradiance at 10 m 

depth and then ambient irradiance at 6, 4, 2, and 1 m depths. To reduce risk of supersaturation of 

oxygen and depletion of nutrients, chambers were flushed for three min between the third and 

fourth, and fifth and sixth light regimes.  Measurements were standardized by lamina volume and 

dry weight and tissue samples of ~ 5 g were collected from the secondary laminae from the basal 

third of the primary lamina to obtain photosynthetic pigment concentrations. 

Rates of respiration and photosynthesis were calculated from the linear slope of oxygen 

concentration over the dark and light phases of the incubation period, respectively. Ten minutes of 

data were used for each phase, with a transitional minute excluded. Irradiance was averaged over 

the same time period. For each individual a P-E curve was fitted, and P-E parameters derived, 

using R (R: A Language for Statistical Computing, 2013, R Foundation for Statistical Computing, 

Vienna, Austria) following Webb et al. (1974) 

 

P = Pmax · (1 – e-αE/Pmax) 

 

where P is the net photosynthetic rate at any photon flux density (E), Pmax is the maximum 

photosynthetic rate at saturating irradiances, α is the photosynthetic efficiency (i.e. the slope of the 

linear light-limited part of the curve), and E = incident irradiance. The saturation irradiance (Ek), 

which is the onset of light saturation estimated as Pmax/α, and compensation irradiance (Ec), the 

irradiance at which photosynthesis balances respiration estimated as Rd/α, were also calculated.  

 

2.2.5 Photosynthetic pigments 

Chlorophylls (chl) a and c, and fucoxanthin, contents were determined using dimethyl 

sulphoxide (DMSO) extraction methods detailed by Seely et al. (1972). Two 2.5-cm diameter disks 

were cut from the basal secondary laminae of five randomly selected individuals per site. Pigments 

were extracted from one disk from each pair by immersion in 4 mL DMSO for 3-5 minutes in 

darkness and then 4 mL 90 % acetone for 1 hour in darkness. Extract absorbance at four 

wavelengths (480, 582, 631, and 660 nm for DMSO and 470, 580, 628, 661 nm for 90 % acetone) 

was determined spectrophotometrically (Shimadzu UV-2450) and standardized by deducting the 

absorbances at 750 nm. The resulting pigment content from the two extractions (DMSO and 90 % 

acetone) were combined for each sample to give overall pigment content (mg g-1 dw) for each 

sample. The second disk from each thallus was dried at 60°C for 24 h until a constant dry weight 

was obtained. Wet to dry weight ratios from each sample were used to standardized pigment 

contents from corresponding thalli.   
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2.2.6 Statistical analyses 

 Eight morphological characteristics including SL, PLL, PLW, SLL, SLW, the number of 

secondary laterals, lamina surface area (SA), and lamina biomass were used to investigate 

differences in morphology among the nine study sites. Stipe biomass and lamina volume were not 

used for multivariate analyses due to high correlation (> 95%) with stipe length and lamina 

biomass, respectively. Differences in morphological characteristics among sites were tested using 

multivariate analysis of variance by permutation (PERMANOVA, Anderson et al.  2008). Principal 

coordinate analysis was used to visualise differences in morphology among sites and how they 

relate to eight environmental variables, namely benthic irradiance, sea temperature, seawater 

chlorophyll a content, seawater nitrate + nitrite, phosphate, and ammonium concentrations, and E. 

radiata densities (PCO, Gower  1966). The multivariate analysis was carried out on a Euclidean 

distance matrix based on normalised morphological data.  

To test the relationships between E. radiata morphology and environmental variables, a 

Distance Based Linear Model (DistLM) with BEST selection criteria was used. DistLM provides 

results for marginal tests, fitting each predictor variable to the matrix individually, and conditional 

tests, which fits all variables used in the model sequentially (Anderson  2004). Because the analysis 

was limited to one average value per environmental variable per site, the reduced Akaike’s 

Information Criterion (AICc) was used. Due to the distinct morphological differences as a result of 

developmental state rather than environmental acclimation (see Results section for details), Site 7 

was excluded from the DistLM analysis and the corresponding regression analyses. The statistical 

significance of multivariate analyses were tested using 9999 permutations and a significance level 

of p = 0.05.  A DistLM analysis with AIC selection criterion was also used to investigate the 

relationship of Pmax with morphological parameters including lamina biomass, surface area, and 

surface area:volume (SA:V). All multivariate analyses were conducted with Plymouth Routines in 

Multivariate Ecological Research (PRIMER) software, v7.0.13 and regression analyses with JMP 

13.0.0.   

Regression analyses (Sokal & Rohlf  2012) were used to relate the eight morphological 

parameters used in multivariate analyses and the five photosynthetic parameters to total daily 

irradiance at eight of the nine study sites (excluding Site 7). Regression analyses were also used to 

relate Pmax with lamina biomass, surface area, and surface area:volume. Finally, regression analyses 

were used to relate pigment content to total daily irradiance at all nine of the study sites. All 

regressions were applied to the raw data. Homogeneity of the variance was verified by examining 

the distribution of the residuals and referring to Levene tests, whereas normality of the residuals 
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was verified by examining the normal probability plot of the residuals and referring to the Shapiro-

Wilk’s statistics (Snedecor & Cochran  1989).  

 

2.3 Results 

2.3.1 Variation in photon flux density across the turbidity gradient 

Total daily photon flux density (PFD) showed a distinct gradient from inner to outer Gulf 

sites over the period of 1 September 2015 to 28 February 2016 (Figure 2.1 B). Daily benthic 

irradiance at 10-m depth generally fell into three groups including high-light sites (Sites 7-9), mid-

light sites (Sites 3-6), and low-light sites (Sites 1-2). High and mid-light sites had greater than 2.5 

and 1.7 times the available light of low-light sites, respectively. The light gradient from inner to 

outer Gulf sites was annually consistent as shown by continual monitoring of benthic irradiance at 

seven of the nine study sites from 2015 to 2017 (C. Blain unpublished data). 

 

2.3.2 Ecklonia radiata canopy density and biomass 

  Densities of adult E. radiata were lowest (< 2.4 m-2) at the two most turbid sites (Figure 2.2 

A).  At all the other sites, E. radiata was the dominant large brown algal species and formed a 

typically mono-specific canopy at 8-10 m depth. Densities were highest at Site 7 (Little Barrier 

Island; 19.0 ± 1.7 individuals m-2), but this did not translate into a higher biomass of canopy 

forming individuals at this site (Figure 2.2 B). Aging of these individuals indicated that the canopy 

at Site 7 was relatively young, with individuals estimated to be < 2 years old, whereas E. radiata 

at the other sites were at least 2-6 years old (Appendix 2.B).  Overall, E. radiata canopy biomass 

was low at the two most turbid sites and appeared to plateau across sites with photon flux densities 

greater than ~ 3 mol photons m-2 day-1. 

 

2.3.3 Ecklonia radiata morphology 

There were clear differences in the morphology of adult, canopy-forming E. radiata among 

the study sites (PERMANOVA, pseudo-F = 23.80, P = 0.0001), and these differences were related 

to the gradient in turbidity from the inner to outer Gulf (Figure 2.3 A). Principal coordinates 

analysis grouped inner Gulf sites on the left of the ordination, with individuals characterized by 

short stipes, long primary laminae and low lamina surface area, and mid-outer Gulf sites in the 

centre and right, characterized by individuals with long stipes, relatively short primary laminae and 

large lamina surface area (Figure 2.3 B). The spread of sites along PCO1 broadly reflected the 

gradient in light from the inner to outer Gulf sites. However Site 7, which is located in the outer 

Hauraki Gulf, was positioned along PCO1 with the mid-Gulf sites. As stated above, Site 7 was 



  Chapter II 

 

22 

 

composed of young canopy plants, and while these had long stipes, they had narrower laterals and 

primary laminae, reduced surface area and lower lamina biomass compared to the older canopy 

plants found in the outer Gulf (Figure 2.4).   

A number of other environmental variables were also strongly correlated with PCO1. In 

general, inner Gulf sites had higher seawater chlorophyll a content and ammonium, whereas mid 

and outer Gulf sites had low ammonium concentrations (Figure 2.3 C). Only light and seawater 

ammonium concentration were significantly related to morphology (Table 2.1). Model selection 

analysis indicated the best explanatory model included only light, which explained 50 % of the 

morphological variation among sites (Table 2.2).  

 Morphological parameters exhibited variable relationships with differing light levels 

among sites (Figure 2.4).  Stipe length exhibited a non-linear relationship with light, increasing 

with light and then declining at the highest light site. Primary lamina width, lateral width, lateral 

length, lamina surface area and lamina biomass tended to increase with increasing total daily 

irradiance, though this relationship was only significant for lateral width, lamina surface area, and 

biomass (Table 2.3). The lamina morphology of E. radiata from Site 7 showed distinct 

characteristics of young thalli (< 2 years of age) as demonstrated by relatively narrow primary 

laminae and secondary laterals and very low lamina surface area and biomass in comparison to 

mature E. radiata adults at other sites. In contrast, primary lamina length had a significant negative 

relationship with light.  

 

2.3.4 P-E parameters 

Photosynthesis vs irradiance curves for E. radiata differed across the turbidity gradient with 

inner Gulf (more turbid) sites achieving lower maximum rates of photosynthesis than the outer 

Gulf sites (Figure 2.5). This pattern was reflected in the relationship between photosynthetic 

parameters and light among sites (Figure 2.6). The maximum rate of photosynthesis (Pmax), 

saturating irradiance (Ek), and compensation irradiance (Ec) had significant positive relationships 

with total daily PFD, while photosynthetic efficiency (α) showed a significant negative relationship 

with total daily PFD. Respiration (Rd) displayed no clear relationship with total daily PFD. Young 

adult plants from Site 7 exhibited exceptionally high Pmax, relatively high α, and low Ec. 

Further investigation of morphological drivers of variation for Pmax revealed significant 

positive relationships with lamina surface area and surface area:volume but not lamina biomass 

(Figure 2.7). DistLM analyses identified surface area:volume as the best, most parsimonious, 

model explaining variation in Pmax, however, the full model including all three morphological 

parameters was also a good explanatory model for Pmax (Table 2.4).  
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2.3.5 Photosynthetic pigment concentrations 

Chlorophyll a and fucoxanthin showed significant negative relationships with total daily 

PFD (Table 2.4; Figure 2.8). In general individuals from low-light sites had the highest levels of 

chlorophylls a and c, and fucoxanthin, while plants from mid to high-light sites had the lowest 

photosynthetic content, though this relationship was not significant with chlorophyll c levels 

(Figure 2.8). Ratios of fucoxanthin to chl a showed no clear relationship with light, whereas chl c 

to chl a ratios typically increased with increasing light.  
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Figure 2.1. Map of the Hauraki Gulf, New Zealand (A). Sites are represented by solid black dots 

(1 = Rangitoto Island, 2 = Motutapu Island, 3 = the Noises Island group, 4 = Tiritiri Matangi Island, 

5 = Motuora Island, 6 = V-Bay at Leigh, 7 = Little Barrier Island, 8 = Katherine Bay at Great 

Barrier Island, and 9 = Southwest Bay at the Mokohinaus Islands). Mean (± SE) total daily photon 

flux density (mol photons m-2 day-1) at 10-m depth at each of the nine study sites for September 

2015 to March 2016 (B).  
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Figure 2.2. Relationship between mean (± SE) density (A) and biomass (B) of canopy forming 

adult Ecklonia radiata at the nine study sites with benthic irradiance (mol photons m-2 day-1). The 

solid line in B is the non-linear regression fit to data from the nine study sites: y = -21.71 + 27.55 

* (1 – e-1.11 * x), r2 = 0.71, p = 0.024. 
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Figure 2.3. Summary of principal components analysis based on eight morphological properties 

of canopy Ecklonia radiata (n = 13-15 individuals per site) at the nine study sites (A). Centroids 

are plotted for each location with standard error bars indicating the variation in morphology within 

each site. Sites are designated by numbers corresponding to Figure 2.1. Vectors indicate the 

correlation between principal components axes and individual morphological variables (B) and 

environmental variables (C). 
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Table 2.1. Marginal test results performed by DistLM BEST selection describing the influence of 

individual environmental variables on Ecklonia radiata morphology. Bold values indicate 

significance. 

Variable SS (trace) Pseudo-F p Proportion 

     

Light 28.27 6.12 0.0010 0.50 

Ammonium 20.91 3.58 0.029 0.37 

Chlorophyll a 18.64 2.99 0.063 0.33 

Phosphate 14.41 2.08 0.13 0.26 

Fetch 14.25 2.05 0.14 0.25 

Nitrate & Nitrite 13.48 1.90 0.16 0.24 

E. radiata density 9.80 1.27 0.27 0.18 

Temperature 7.56 0.94 0.43 0.14 

     

 

 

Table 2.2. Ten best models describing the influence of environmental variables on Ecklonia 

radiata as selected by DistLM BEST analysis using AICc selection criterion. The bold values 

indicates the overall best model as designated by a separation of ≥ 2 AICc units from the next best 

model. 

No. of variables Variables AICc r2 RSS 

     

1 Light 16.30 0.50 27.73 

1 Ammonium 18.31 0.37 35.09 

1 Chlorophyll a 18.73 0.33 37.36 

2 Light + Phosphate 19.46 0.64 20.32 

1 Phosphate 19.59 0.26 41.59 

1 Fetch 19.62 0.25 41.75 

1 Nitrate & Nitrite 19.77 0.24 42.42 

2 Light + Nitrate & Nitrite 20.37 0.59 22.78 

1 E. radiata density 20.43 0.18 46.20 

2 Light + Temperature 20.49 0.59 23.11 
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Figure 2.4. Relationships between mean (± SE) stipe length (A), primary lamina length (B), 

primary lamina width (C), lateral width (D), maximum lateral length (E), number of laterals (F), 

lamina surface area (G), and lamina biomass (H) and total daily irradiance at each of the nine study 

sites in December 2015. The open circle in each plot represents Site 7 which was not included in 

morphological analyses (see Results sections for details). Solid lines are the regression fits to data 

from the eight remaining study sites (see Table 2.3 for details).  
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Table 2.3. Results of regression analyses (applied to raw data) examining the relationship between 

morphological parameters of Ecklonia radiata and the total daily irradiance (mol photons m-2 day-

1) at 10-m depth at eight study sites. Bold values indicate significance.  

Variable Equation r2 F p 

     

Stipe length -217.92 + 316.31 * (1 - e-0.97 x) 0.75 7.46 0.032 

Primary lamina length 30.55 – 2.26 x 0.67 12.01 0.013 

Primary lamina width 5.22 + 0.63 x 0.39 3.77 0.10 

Lateral width 1.82 + 1.16 x 0.87 39.11 0.0008 

Maximum lateral length 27.43 + 1.24 x 0.19 1.37 0.29 

Number of laterals 50.55 – 0.74 x 0.023 0.14 0.72 

Lamina surface area 0.22 + 0.20 x 0.95 121.35 <0.0001 

Lamina biomass 161.01 + 30.73 x 0.60 8.85 0.025 
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Figure 2.5. Net photosynthetic rate (µmol O2 g
-1 dw h-1) of Ecklonia radiata canopy adults as a 

function of incident irradiance at each of the nine study sites.  P-E curves are derived from the 

average photosynthetic parameters from adult E. radiata (n = 7-9) incubated in situ at each site in 

February 2016.  
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Figure 2.6. Relationships of mean (± SE) photosynthetic parameters of Ecklonia radiata incubated 

in situ at each of the nine study sites in February 2016 as a function of total daily irradiance (mol 

photons m-2 day-1) (n = 7 to 9 for each site). The open circle in each plot represents Site 7 which 

was not included in the regression analyses (see Results sections for details). Solid lines are the 

linear regression fits to data for the eight remaining sites (p < 0.05; n= 8).  
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Figure 2.7. Relationships between mean (± SE) maximum photosynthetic rate (Pmax, µmol O2 g
-1 

dw h-1) and lamina biomass (A), lamina surface area (B), and surface area to volume ratio (C). Each 

data point in A, B, and C represents the mean of Ecklonia radiata canopy plants incubated at each 

of nine study sites in February 2016 (n = 7 to 9 for each site).  The open circle in each plot represents 

Site 7 which was not included in the regression analyses (see Results sections for details). Solid 

lines are the linear regression fits to data for the eight remaining sites (p < 0.05; n= 8).   
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Table 2.4. Best models describing the influence of morphological variables (lamina biomass, 

surface area, and SA:V) on Pmax as selected by DistLM BEST analysis using AIC selection 

criterion.  

No. of variables Variables AIC r2 RSS 

     

1 SA:V -62.13 0.62 24.97 

3 Biomass + SA + SA:V  -61.65 0.64 23.69 

2 Biomass + SA:V -60.62 0.62 24.79 

2 SA + SA:V  -60.26 0.62 24.92 

2 Biomass + SA -30.47 0.41 38.89 

1 SA -13.14 0.21 51.87 

1 Biomass 0.22 0.04 63.33 

     

 

 

Table 2.5. Results of linear regression analyses (applied to raw data) examining the relationship 

between photosynthetic pigments of E. radiata and the total daily irradiance (mol photons m-2 day-

1) at 10-m depth the nine study sites. Bold values indicate significance.  

 

Variable Equation r2 F p 

     

Chlorophyll a 3.40 – 0.34 x 0.58 9.99 0.016 

Chlorophyll c 0.43 – 0.027 x 0.28 2.76 0.14 

Fucoxanthin 1.80 – 0.17 x 0.54 8.38 0.023 

     

Chl c:Chl a 0.11 + 0.012 x 0.78 24.87 0.0016 

Fucoxanthin:Chl a 0.52 + 0.0053 x 0.11 0.91 0.37 
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Figure 2.8. Mean (± SE) concentration of photosynthetic pigments (A) and ratios (B) for Ecklonia 

radiata from 10-m depth at each of the nine study sites. Letters a, c, and x represent chlorophyll a, 

chlorophyll c, and fucoxanthin, respectively. Solid and dashed lines are the linear regression fits to 

mean values at each of the nine sites (p < 0.05; n= 9) (See Table 2.5 for details). 
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2.4 Discussion 

 This study investigated spatial variation in morphology, photosynthesis-irradiance response 

and photosynthetic pigment content of the dominant habitat-forming kelp Ecklonia radiata along 

a turbidity gradient in the Hauraki Gulf. The results of this study show distinct morphological 

differences among study sites and suggest that light was the primer driver of this variation. 

Furthermore, photosynthesis-irradiance responses and levels of photosynthetic pigments showed 

clear relationships with benthic irradiance indicative of light acclimation. In general, individuals 

from low-light sites had higher photosynthetic pigment content and greater photosynthetic 

efficiency than individuals from high-light sites. However, maximum photosynthetic rates were 

highest at high-light sites and this appeared to be related to morphology, specifically the higher 

surface area to volume ratios of canopy kelp at high light sites. Despite the clear ability to make 

physiological adjustments to low-light conditions the density of adult canopy forming E. radiata 

and the associated canopy biomass were drastically reduced at the two most turbid sites, suggesting 

a critical light threshold beyond which E. radiata is not able to form dominant canopies. 

 

2.4.1 Morphology 

There was considerable variation in the morphology of adult E. radiata across the turbidity 

gradient.  Light was found to be the primary driver of differences in morphology among sites. Adult 

E. radiata at mid- to outer-Gulf sites were characterized by relatively long stipes (up to 2 m) with 

short primary laminae (< 30 cm), and wide laterals providing high surface area to volume ratios. 

In contrast, adult E. radiata at inner Gulf sites have relatively short stipes (< 50 cm) and long 

primary laminae (> 25 cm) with narrow laterals. Some of the observed morphological differences 

among sites contrasted what might be expected for low light acclimation. In low light, macroalgae 

may increase stipe length to move photosynthetic fronds closer to the source of irradiance and 

increase thallus surface area to volume ratios in order to increase exposure of photosynthetic tissues 

to light (Enríquez et al.  1996; Kirk  2011; Miller et al.  2011b). In the current study, variation in 

stipe length among sites showed a non-linear relationship with benthic irradiance, peaking between 

c. 75 and 120 cm in length at mid to high-light sites and decreasing at the lowest light sites. Stipe 

and thallus length is often associated with canopy density in kelps (e.g. Fowler-Walker et al.  2005) 

and higher plants (Schmitt & Wulff  1993; Smith & Whitelam  1997; Franklin & Whitelam  2005). 

As shading by conspecifics and competing species increase, individuals tend to put more energy 

into elongation rather than structural development to outcompete neighbours for light. That stipe 

length was substantially smaller at the two innermost Gulf sites, where canopy density was greatly 
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reduced, may suggest that stipe length of E. radiata in the current study is, in-part, influenced by 

intraspecific competition. 

The positive relationship of lamina surface area and surface area to volume ratios with light 

among sites is also somewhat surprising given that these parameters generally increase under low 

light conditions to enhance photon capture (Falkowski & LaRoche  1991; Kirk  2011). Indeed, with 

low light at the inner Gulf sites it was expected that E. radiata would have the highest surface area 

to volume ratios. Though tissue thickness (SA:V is proportional to the inverse of thickness) was 

generally highest at inner Gulf sites, the narrow laterals (< 5 cm) lay flat in line along the relatively 

long primary lamina, which may be a mechanism to minimize overlapping and thus shading of 

laterals under low light conditions. In contrast, the wide (> 7 cm) laterals of individuals from outer 

Gulf sites were compressed onto a relatively short primary lamina creating significant overlap and 

self-shading among fronds. The overlapping lamina morphology at outer Gulf sites may be a 

photoprotective mechanism that allows thalli to exploit the abundance of photons while minimizing 

exposure of singular fronds to periods of extreme high light. Additionally, increased self-shading 

limits light-saturated photosynthesis under high-light conditions resulting in a greater total 

photosynthetic output of the whole laminae. Conversely, under low-light conditions energy for 

growth may be limiting and too much self-shading could be costly, thus E. radiata may 

preferentially put energy into cellular photoacclimation rather than costly morphological 

adjustments. If costs associated with tissue maintenance and structural integrity are lower than the 

costs of creating new tissues, then it may be advantageous for E. radiata in the inner Gulf to 

produce thicker, stronger tissues with lower SA:V rather than producing thinner tissues that may 

need to be replaced more often. 

 

2.4.2 Photosynthesis-irradiance response 

The photokinetic parameters of E. radiata varied among sites across the turbidity gradient. 

The negative relationship of alpha (α), and positive relationships of saturating irradiance (Ek) and 

compensation irradiance (Ec), with benthic irradiance is a clear example of the photokinetic 

response of E. radiata to low-light conditions and reflects the ability of E. radiata to optimize 

photon capture and utilization. The efficiency of photon capture and use is ultimately dictated by a 

suite of morphological and physiological variables, however, most macroalgae optimize efficiency 

by increasing the number of photosynthetic reaction centres (RCs) or the functional absorption 

cross-section of the RCs (Falkowski & LaRoche  1991; Falkowski & Raven  2007). On the other 

hand, maximum photosynthetic potential (Pmax) per unit biomass of E. radiata showed a positive 

relationship with benthic irradiance. This is perhaps unusual given that Pmax is most often directly 
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related to the number of photosynthetic units or photosynthetic pigment content such as chlorophyll 

a concentration (Enríquez et al.  1996; Falkowski & Raven  2007). That Pmax was lowest at the 

low-light sites is contrary to what we would expect based on the high photosynthetic efficiency (α) 

and chl a concentrations observed.  

In the current study, surface area and surface area to volume ratios, but not biomass, were 

significantly related to Pmax per unit biomass. Furthermore, surface area to volume ratio was the 

best and most parsimonious predictor of Pmax. It is therefore likely that the differences observed in 

lamina morphology among sites, rather than cellular acclimation, dictates maximum photosynthetic 

capacity. Higher surface areas enhance the exposure of PSUs to photons and decreased tissue 

thickness reduces self-shading of cellular photosynthetic complexes allowing for more efficient 

capture of photons (Falkowski & Raven  2007). These results highlight the importance of thallus 

morphology in mediating the photosynthetic response of macroalgae to light (Givnish  1988).  

Maximum rates of photosynthesis in the current study (~64 to 164 µmol O2 g
-1 dw h-1) were 

similar to those recorded for adult canopy plants collected from 6 and 14 m at Goat Island, Leigh 

(49 to 114 µmol O2 g
-1 dw h-1) (Rodgers et al.  2015), yet slightly lower than juveniles (20 – 30 cm 

length) collected at 10 m in South Australia (~165 to 190 µmol O2 g
-1 dw h-1) (Fairhead & Cheshire  

2004b) at similar times of the year. Fairhead and Cheshire (2004b) recorded exceptionally high 

photosynthetic rates of up to 392 µmol O2 g
-1 dw h-1 depending on sampling season and depth. This 

may be a reflection of thallus age as juvenile thalli and immature adults with low biomass typically 

exhibit higher photosynthetic capacity and efficiency than mature adults with high biomass (Smith 

et al.  1983; Rodgers et al.  2015, C. Blain personal observations). The results of the current study 

corroborate this notion as shown by the relatively high Pmax (164 µmol O2 g
-1 dw h-1) and α, and 

low Ec, for E. radiata collected from Site 7 where the mean age of canopy individuals was less 

than 2 years.  The higher Pmax at site 7 also corresponded with higher SA:V of individuals at this 

site (Fig. 2.7 C), further reinforcing how maximum photosynthetic rates are a function of 

morphology.  

 

2.4.3 Photosynthetic pigment content 

Higher photosynthetic pigment levels (chl a and fucoxanthin, in particular) at low light sites 

provided further evidence of photoacclimation in E. radiata to low light in the Hauraki Gulf. 

Differences in pigment content among sites was visible in the distinct differences in frond colour 

from light, golden brown individuals at high-light sites to dark brown at low-light sites. 

Upregulation of photosynthetic pigments is one response to low light conditions which increases 

capture of available photons (Aguilera et al.  2002; Falkowski & Raven  2007). Conversely, the 
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slight increase in chl c and fucoxanthin at the three highest-light sites may be indicative of a photo-

protective response to high light (Kirk  2011). Non-light transferring pigments such as carotenoids 

absorb light and protect those pigments that do transfer light energy under high-light conditions 

(Falkowski & Raven  2007). In addition to acting as a photosynthetic pigment absorbing light in 

the blue-green to yellow-green part of the visible spectrum, fucoxanthin may also play a role in 

photoprotection under high-light conditions (Ramus et al.  1977; Stengel & Dring  1998). Increases 

in photoprotective pigments may have contributed to the increased saturating irradiance (Ek) 

recorded for individuals at high-light sites. Decreases of pigment ratios chl c:a and fucxanthin:chl 

a can also be indicators of low-light acclimation (Wheeler  1980; Falkowski & LaRoche  1991; 

Campbell et al.  1999), however, only slight declines in chl c:chl a with decreasing light were 

observed and there was no trend for fucoxanthin:chl a and light. 

 

2.4.4 Conclusions 

Examining the light acclimation ability of benthic macroalgae is crucial to understanding 

the ecological significance of decreasing irradiance on coastal primary production. The current 

study has taken important steps to understanding the effects of turbidity (and decreased light) on 

the morphology and physiology of E. radiata populations of north-eastern New Zealand. The 

results show clear evidence of photoacclimation occurring in E. radiata in the inner Hauraki Gulf. 

However, unexpected changes in the morphology (i.e. increased surface area to volume ratios at 

high light sites) and the photosynthesis-irradiance response (i.e. decreasing Pmax despite increased 

photosynthetic pigment content and α at low light sites) may suggest that thallus morphology and 

its interaction with the natural environment plays an important role in mediating light utilization 

by E. radiata. It may also be that the reduced photosynthetic output towards the inner Gulf indicates 

a physiological limitation in E. radiata at low light sites, as is also reflected in the significantly 

reduced canopy densities at inner Gulf sites. While the results of this study demonstrate that kelp 

can make physiological and morphological adaptations that allow them to persist under turbid 

conditions, further measurements of growth and productivity are necessary to estimate the overall 

cost of the degrading light environment on benthic primary production. 
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Appendix 2.A 

Environmental variables 

Temperature 

At each site, temperature was recorded every 30 min from ~January 2015 to March 2016 

by each of two temperature loggers (±0.5°C, model HOBO Pendent; Onset Computer Corporation) 

attached to eye bolts attached to the seabed at 10 m using epoxy. For purposes of multivariate 

analyses, the average daily temperature at each of the nine study sites from 1 September 2015 to 

28 February 2016 was used.  

 

Turbidity and water quality 

  To quantify turbidity and water quality at the study sites, a combination of indicators 

including Secchi disc depth (Tyler  1968), water nutrient concentrations, and water chlorophyll 

content were used. Data for each indicator were collected at each site upon seasonal visits (every 

three months). For the latter two indicators, three 50-mL water samples from the sea surface for 

nutrient (NO3
-, NO2

-, NH4
+, and PO4

3-) analyses and 1-L samples for chlorophyll a analyses were 

collected. Triplicate 50-mL samples were immediately stored frozen (-18°C), unfiltered, until being 

thawed and analysed for nutrient concentrations, which has no effect on the results obtained 

compared to filtering, or refrigerating, and analysing within 4-5 hrs (Barr & Rees  2003). Nutrient 

concentrations for ammonium (NH4
+), nitrate (NO3

-), nitrite (NO2
-), and phosphate (PO4

3-) were 

determined spectrophotometrically using methods outlined by Parsons (2013). Absorbance 

readings were taken at 630, 540, 540, and 880 nm for NH4
+, NO3

-, NO2
-, and PO4

3-, respectively. 

Ammonium concentrations in temperate coastal waters are usually below 3 µM, while nitrite levels 

are almost always low, rarely exceeding 5% of the nitrate level (Sharp  1983).  

For seawater chlorophyll a, 1-L samples were transported on ice back to the laboratory for 

filtering on the same day. Upon return to the Leigh Lab, seawater samples for chlorophyll a were 

immediately filtered through a 0.45 µm, cellulose nitrate, 25 mm diameter filter paper 

(WhatmanTM). Filter papers were stored frozen in aluminium foil until ready to analyse. To analyse 

for chlorophyll a each filter paper was placed in a 5 mL polypropylene test tube with 1.5 mL DMSO 

and acetone (1:3 v/v) following methods detailed by Parsons (2013). Chlorophyll a concentrations 

were determined spectrophotometrically with absorbance readings at 480, 510, 630, 648, 664, and 

750 nm.  

Because, turbidity and water quality parameters were only one-off measurements 

conducted every c. three months, the annual average (spring 2015 to spring 2016; n = 4) of 

measurements were used for multivariate analyses.  



  Chapter II 

 

40 

 

 

Wave exposure 

Wind fetch was calculated for each site as an index of wave exposure by summing the 

potential fetch for each 10° sector of the compass rose. For open sectors of water the radial distance 

was set at 300 km, to emphasise the effect of large north-easterly swells generated offshore.  
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Appendix 2.B 

 

Age 

To estimate minimum plant age, a ~3 mm thick cross section of the stipe was taken 

immediately above the topmost haptera (holdfast) and examined annual growth rings produced by 

differences in seasonal growth rates in kelps (e.g. tom Dieck  1991; Schaffelke & Lüning  1994). 

Alternating dark and pale concentric rings indicate relatively small cells produced during annual 

slow growth periods and large cells produced during periods of rapid growth, respectively 

(Novaczek  1981). Growth rings were counted and measured using Vernier callipers. 

 

Figure 2.B1 Minimum age estimates of Ecklonia radiata at each of the nine study sites in 

December 2015. Solid and dotted lines within each box represent the median and mean values, 

respectively, Vertical box limits are the 25th and 75th percentiles. Vertical error bars represent the 

10th and 90th percentiles.  
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CHAPTER III 

Seasonal and spatial variation in photosynthetic response of the kelp Ecklonia 

radiata across a turbidity gradient 

 

3.1 Introduction 

Light is the dominant driver of primary production in the coastal environment. Degradation 

of the underwater light environment by anthropogenic activities such as agriculture, forestry, and 

urban development, is therefore a major threat for coastal communities globally (Airoldi & Cinelli  

1997; Roleda et al.  2008; Kavanaugh et al.  2009; Smith & Schindler  2009; Harley et al.  2012; 

Desmond et al.  2015; Seers & Shears  2015). These anthropogenic-driven stressors, in concert 

with natural modifiers of light availability, can result in unpredictable, challenging, and potentially 

stressful environments that may lead to chronic light limitation for benthic primary producers such 

as macroalgae (Gomez et al.  1997; Aumack et al.  2007; Desmond et al.  2015).  

Understanding the acclimation-response mechanisms of macroalgae is therefore a key 

component to accurately estimating primary production and vital to understanding how these 

estimates may change over time due to natural and anthropogenic induced shifts in the 

environment. Changes in the light environment have both direct (energy for photosynthesis) and 

indirect (influencing the morphology and physiology of individual thalli) effects on production 

rates (Lüning  1979; Markager & Sand-Jensen  1992; Fairhead & Cheshire  2004b; Monro & Poore  

2005; Miller et al.  2006; Miller et al.  2011a; Rodgers et al.  2015). Thus, natural variability of 

underwater light due to diel light cycles, seasonal changes in day length and solar angle, climatic 

factors, and tides and wave action mean macroalgae must be able to cope with chronic and acute 

light variation via photoacclimation (Falkowski & LaRoche  1991; Henley  1993; Kirk  2011). For 

example, macroalgae may change cellular pigment ratios and content, cellular orientation and 

construction, or even thallus morphology to alter photosynthetic efficiency and output and 

ultimately optimize thallus growth rates and survival (Falkowski & LaRoche  1991; Kirk  2011). 

As a result, macroalgal growth, reproductive output, and metabolic rates are often innately linked 

to seasonal cycles in environmental parameters (Hatcher et al.  1977; Kirkman  1984; Kain  1989; 

Cheshire et al.  1996; Miller et al.  2011b).  

Due to the importance of kelps to temperate coastal ecosystems, research has focused on 

estimating growth, productivity, and their associated environmental drivers for some time (Kain  

1979; Dayton  1985a; Schiel & Foster  1986). Kelp productivity varies temporally among days, 

seasons, and years and spatially among different habitats and depths (Chapman & Craigie  1977; 
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Novaczek  1984; Kirkman  1989; Cheshire et al.  1996; Fairhead & Cheshire  2004a; Finkel  2014; 

Stephens & Hepburn  2014; Rodgers & Shears  2016; Wernberg et al.  2016). Indeed, most kelps 

are considered to be seasonal responders (but see Schaffelke & Lüning  1994) driven by seasonal 

fluctuations in light, nutrients, and temperature (Chapman & Craigie  1977; Chapman & Lindley  

1980; Zimmerman & Kremer  1986; Kain  1989; Dunton  1990). Currently, most of the information 

available on kelp productivity stems from variation in measured growth rates and changes in 

biomass rather than the photosynthetic response (Reed et al.  2008, 2009; Miller et al.  2011a; 

Stephens & Hepburn  2014). Seasonal changes in growth and biomass accumulation of kelp are 

generally characterized by substantial increases in biomass through spring and summer and greatly 

reduced growth in winter (Chapman & Craigie  1977; Chapman & Craigie  1978; Kain  1979; 

Novaczek  1984; Larkum  1986; Miller et al.  2011b).  

Studies investigating seasonal variation in the photosynthetic response of kelp are more 

limited and have shown more variable results. Such studies have included seasonal investigation 

of photosynthetic parameters in Laminaria sp. (King & Schramm  1976; Hatcher et al.  1977; Drew  

1983; Sakanishi et al.  1991; Gevaert et al.  2002), Macrocystis sp. (Willenbrink et al.  1979; Smith 

et al.  1983; Wheeler & Druehl  1986; Miller et al.  2011a), Ecklonia sp. (Sakanishi et al.  1989; 

Haroun et al.  1992; Cheshire et al.  1996; Fairhead & Cheshire  2004b; Rodgers & Shears  2016), 

Nereocystis leutkeana (Willenbrink et al.  1979), and Undaria pinnatifida (Campbell et al.  1999). 

These studies have shown that kelp typically exhibit high photosynthetic efficiency (α) and 

increased photosynthetic pigment levels in low light seasons such as autumn and winter, and low 

α and decreased photosynthetic pigment levels in spring and summer. This type of 

photoacclimation response acts to maintain basic metabolic and physiological processes under 

variable light conditions. In contrast, seasonal patterns of maximum photosynthetic output (Pmax) 

seem to be variable depending on species, depth, season and methodologies used. The 

aforementioned studies have provided a critical starting point for understanding the seasonality of 

photosynthetic parameters in kelp, however they are spatially restricted, often using plants 

collected from one study site or depth. Given the morphological plasticity of kelp, it is important 

to understand not only the temporal variability of photoacclimation but also spatial variability 

among populations.   

Anthropogenic-driven increases in turbidity have become a critical concern for New 

Zealand coastlines (Goff  1997; Hayward et al.  2006; Seers & Shears  2015). However, the impacts 

of declining water quality on the dominant, canopy forming kelp, Ecklonia radiata, are poorly 

understood (but see Miller et al.  2006). Chapter II provides the first evidence for morphological 

and physiological acclimation of E. radiata to a degrading light environment on a large spatial 
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scale. That study was conducted across a natural turbidity gradient spanning greater than 100 km 

in the Hauraki Gulf of north-eastern New Zealand. Results showed that E. radiata acclimates to 

low light at turbid sites by increasing photosynthetic efficiency (α) and photosynthetic pigment 

content. This study was only carried out in summer and it is unknown whether these patterns are 

present year round or how they might vary seasonally.  

Alteration of photokinetics is a key survival strategy of macroalgae and is crucial to 

maintaining growth, production, and broad geographic distributions while living under highly 

dynamic environmental conditions.  Given the seasonal variability of the photosynthesis-irradiance 

response, growth, and productivity of kelp previously reported, a more in-depth investigation into 

the seasonal consistency of the photosynthetic response of E. radiata to increased turbidity is 

required. Not only will this help to understand the effects of turbidity on kelp, it will help to produce 

more accurate estimates of annual primary production. Thus, this study aims to investigate spatial 

and seasonal variation in the photoacclimation response of E. radiata across the Hauraki Gulf, 

north-eastern New Zealand. Specifically, photosynthetic pigment content and photosynthesis-

irradiance curves of adult E. radiata were measured seasonally from seven sites across the turbidity 

gradient. This is the first study to quantify the photosynthetic response of adult E. radiata 

populations seasonally across a large spatial scale. 

 

3.2 Material and methods 

3.2.1 Study sites 

 Ecklonia radiata was sampled from seven sites across a turbidity gradient in the Hauraki 

Gulf. The seven sites are a subset (Sites 2-6, and 8-9) of the nine sites examined in Chapter II 

(Figure 2.1). The sites span a distance of ~ 100 km and are each separated by > 5 km. Each site is 

characterized by subtidal rocky reef where E. radiata is present at 8-10 m depth. Sites closest to 

the city of Auckland (Inner Gulf) have the highest levels of turbidity and therefore the lowest levels 

of light, whereas northern or outer Gulf sites have low turbidity and high light (see Appendix 3.A 

and Chapter II for specific details on environmental gradients in the Hauraki Gulf).  

 

3.2.2 Environmental parameters 

In situ irradiance as photon flux density (photosynthetically active radiation, PAR 400-700 

nm) was monitored at 10 m depth at each site from c. May 2016 to September 2017 using 

integrating data loggers with cosine-corrected sensors (Odyssey Photosynthetic Irradiance 

Recording System, Dataflow Systems Pty Ltd, New Zealand). Detailed descriptions of logger 
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placements and calibrations can be found in Chapter II.  Temperature and sea water nutrient 

concentrations were also monitored for the duration of the study. Details on methodologies and 

summary statistics for each site can be found in Appendix 3.A.  

 

3.2.3 Photosynthesis-irradiance parameters 

Photorespirometry chambers were used in the laboratory (Rodgers et al.  2015) to quantify 

photosynthesis versus irradiance (P-E) curves of adult E. radiata (n = 10-14) collected from each 

site. Seasonal collections and measurements were carried out at the end of each season: August 

2016 (winter), December 2016 (spring), March 2017 (summer), June 2017 (autumn) and August 

2017 (winter). Care was taken to select only healthy individuals from un-shaded, horizontal reefs. 

Thalli were immediately transported to the Leigh Marine Laboratory and held in shaded outdoor 

tanks (200 L, 670 mm diameter x 830 mm depth) with flow-through ambient seawater from the 

adjacent coast in Leigh. Irradiance in holding tanks was reduced by shade cloth to simulate typical 

subtidal conditions at ~10-m depth. Thalli were attached to the bottom of holding tanks via the 

holdfast to ensure upright orientation. Frond movement and water circulation was maintained by a 

tip-bucket system that dumps ~ 5 L seawater every 45-50 s (~ 400 L h-1) into each holding tank. 

All photosynthetic measurements were made between 0900 and 1700 h using two replicate 

chambers that were simultaneously deployed in two 200 L indoor tanks where photon flux density 

could be manipulated. Dissolved oxygen and temperature within chambers were logged once per 

minute by D-OptoLogger optical dissolved oxygen loggers (Envco, New Zealand). Photosynthetic 

measurements were conducted in the laboratory under artificial light, which was provided by three 

500 W-equivalent LED (6300 Lumen, Cree XM-L LEDs) lights above each tank. A single flow-

through water source supplied both the indoor tanks used for photosynthetic measurements and the 

outdoor holding tanks. For each thallus, P-E curves were determined by measuring dark respiration 

(Rd) and net photosynthesis at five irradiances for 10-min duration each. Dark respiration was 

measured by enclosing the entire tank in a double layer of black plastic in a darkened room. 

Photosynthesis was measured at five irradiances by varying the amount of shade cloth covering the 

tank (four layers to none). Light profiles in the tanks were measured with an underwater quantum 

sensor (LI-192, LI-COR Biosciences), and the extinction curve was used to calculate the irradiance 

for each incubation based on the depth in the tank where the bulk of the lamina tissue was located. 

Measurements were standardized by plant volume and dry weight (dw; dried at 60°C for 48 h).  

Rates of respiration and photosynthesis were calculated from the linear slope of oxygen 

concentration over the dark and each light phase of the incubation period, respectively. Ten minutes 

of data were used for each phase, with a transitional minute excluded. For each individual a P-E 
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curve was fitted, and P-E parameters derived, using R (R: A Language for Statistical Computing, 

2013, R Foundation for Statistical Computing, Vienna, Austria) following Webb et al. (1974) 

 

P = Pmax · (1 – e-αE/Pmax) 

 

where P is the net photosynthetic rate at any photon flux density (E), Pmax is the maximum 

photosynthetic rate at saturating irradiances, α is the photosynthetic efficiency (i.e. the slope of the 

linear light-limited part of the curve), and E = incident irradiance. The saturation irradiance (Ek), 

which is the onset of light saturation estimated as Pmax/α, and compensation irradiance (Ec), the 

irradiance at which photosynthesis balances respiration estimated as Rd/α, were also calculated.  

 For comparisons of laboratory vs in situ derived photosynthetic parameters, in situ P-E 

measurements were conducted on E. radiata on summer site visits (February-March 2017). Nine 

adult E. radiata were incubated at each site using the methodology described in detail in Chapter 

II and by Rodgers et al. (2015). 

 

3.2.4 Photosynthetic pigment analysis 

Tissue samples of ~ 5 g were collected from the secondary laminae from the basal third of 

the primary lamina of five randomly selected individuals from each site to examine photosynthetic 

pigment (chlorophyll a and c and fucoxanthin) concentrations. Chlorophylls (chl) a and c and 

fucoxanthin contents were determined using dimethyl sulphoxide (DMSO) extraction methods 

detailed by Seely et al. (1972). Two 2.5-cm diameter disks were cut from the tissue sample. 

Pigments were extracted from one disk from each pair by immersion in 4 mL DMSO for 3-5 

minutes in darkness and then 4 mL 90 % acetone for 1 hour in darkness. Extract absorbance at four 

wavelengths (480, 582, 631, and 660 nm for DMSO and 470, 580, 628, 661 nm for 90 % acetone) 

was determined spectrophotometrically (Shimadzu UV-2450) and standardized by deducting 

absorbances at 750 nm. The resulting pigment content from the two extractions (DMSO and 90 % 

acetone) were combined for each sample to give overall pigment content (mg g-1 dw) for each 

sample. The second disk from each thallus was dried at 60°C for 24 h until a constant dry weight 

was obtained. Wet to dry weight ratios from each sample were used to standardized pigment 

contents from corresponding thalli.   

 

3.2.5 Statistical analyses 

 Seasons are designated as June 1 to August 31(winter), September 1 to November 30 

(spring), December 1 to February 28 (summer), and March 1 to May 31 (autumn).  For purposes 
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of regression analyses of photosynthetic parameters and pigment content with light, light data 

corresponding to the season (c. 3 months) prior to the given measurements were used. This was to 

best capture the light environment most representative to the acclimation window of the plants.   

Two-way ANOVAs with the fixed factors Season (five seasonal sampling periods) and Site 

(seven sites) were used to investigate differences in lamina biomass, photosynthetic parameters 

(Rd, Pmax, α, Ek, and Ec), and photosynthetic pigment content among the study sites and seasons. 

Analyses were applied to the raw data except for analyses for lamina biomass, Pmax, α, Ec, and Ek, 

which were applied to the log-transformed data to satisfy the assumptions of normality and 

heterogeneity in the residuals. Regression analyses (Sokal & Rohlf  2012) were used to relate 

average lamina biomass, photosynthetic parameters, and photosynthetic pigment content  to total 

daily irradiance at each study site within each season. All regressions were applied to the raw data. 

In all analyses, homogeneity of the variance was verified by examining the distribution of the 

residuals and referring to the Levene tests, whereas normality of the residuals was verified by 

examining the normal probability plot of the residuals and referring to the Shapiro-Wilk’s statistics 

(Snedecor & Cochran  1989). A significance threshold of 0.05 was used for all statistical tests. 

Analyses were conducted with JMP 13.0.0 and Plymouth Routines in Multivariate Ecological 

Research (PRIMER) software, v7.0.13 in the case of PERMANOVAs. 

 

3.3 Results 

3.3.1 Total daily irradiance 

 Total daily photon flux density showed distinct gradients from inner to outer Gulf sites in 

all seasons over the period of 1 June 2016 to 31 August 2017 (Figure 3.1 A). Daily benthic 

irradiance was highest in summer, slightly lower in spring and autumn, and lowest in winter. On 

average available light was 3.0, 1.8, and 1.3 times higher in summer, spring, and autumn, compared 

to winter. Differences in light between outer and inner Gulf sites were greatest in summer months 

when the outermost Gulf site (Site 9) had greater than 2.5 times the amount of light at 10 m as the 

innermost Gulf site (Site 2).  

 

3.3.2 Biomass and photosynthetic parameters 

Lamina biomass was highest in spring or summer, and lowest in winter, across all sites (LS 

means, p < 0.05, Figure 3.1 B). Biomass was variable across sites and there was a significant Site 

by Season interaction (Table 3.1). Relationships of lamina biomass and average daily irradiance 

for the corresponding season were variable across sites and seasons (Appendix 3.B).  There was 
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only a significant positive linear relationship between biomass and light in autumn and winter 2017 

(Table 3.B1; Figure 3.B1).    

Photosynthesis-irradiance curves (Appendix 3.C) and the resulting photosynthetic 

parameters (Figure 3.2) varied across sites and seasons (Table 3.1). While there was a significant 

interaction between Site and Season for all parameters, some clear seasonal patterns in the 

parameters were apparent across sites (Figure 3.2). Maximum photosynthetic rate (Pmax) generally 

peaked in spring, declined through summer and autumn, and was lowest in winter. Respiration (Rd) 

was highest in summer, and lowest in winter, across all sites (LS means, p < 0.05). Photosynthetic 

efficiency (α) was generally highest in autumn and winter, and lowest in spring and summer. 

Saturating irradiance (Ek) and compensation irradiance (Ec) were typically highest in spring and 

summer, and lowest in autumn and winter. 

Photosynthetic parameters generally varied among sites in relation to light, but the 

magnitude and significance of these relationships varied among seasons (Figure 3.3).  Pmax showed 

positive linear relationships with light (i.e. site) in all seasons though these relationships were only 

significant in autumn and summer (Table 3.2; Figure 3.3). The relationship between Rd and light 

was positive in winter and spring of 2016, but negative in summer. Alpha generally declined with 

increasing light though this relationship was only significant for in situ summer measurements. 

Saturating irradiance showed positive relationships with light across all seasons though this 

relationship was only significant in winter 2016, autumn 2017, and summer measurements derived 

in situ. Similarly, Ec increased with increasing light in most seasons with the exception of summer. 

These relationships were only significant in spring and autumn.  

 Incubation of E. radiata under artificial light and laboratory conditions appeared to have 

the greatest impact on Pmax and Rd (Figure 3.3). Laboratory measurements of Pmax were lower than 

those measured in situ, especially at high-light sites. Laboratory measurements of Pmax ranged from 

65.0 (Site 6) to 95.6% (Site 2) of that measured in situ. Rd based on in situ measurements was 

marginally higher at low light sites, and lower at high light sites, compared to laboratory 

measurements. Values of α measured in situ were similar to that measured under laboratory 

conditions for E. radiata from high light sites but up to 24% higher for individuals from low light 

sites. Ek at high-light sites measured in situ was somewhat higher than those measured under 

laboratory conditions. Ec was generally similar between laboratory and in situ measurements. 

 

3.3.3 Photosynthetic pigments 

 Photosynthetic pigment levels (chl a, chl c, and fucoxanthin) were typically highest in 

winter and autumn and lowest in spring and summer (Figure 3.4) and varied across sites and 
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seasons (Table 3.3). Seasonal patterns of pigment ratios (chl c:chl a and fucoxanthin: chl a) were 

variable across the sites (Table 3.3; Figure 3.4). In general, chl c:a were highest in summer and 

winter 2017 and somewhat lower in the other seasons, whereas fucoxanthin:chl a was highest in 

autumn and winter and lowest in spring and summer. 

Chlorophyll a showed negative linear relationships with light in all seasons though this 

relationship was not significant in winter 2017 (Table 3.4; Figure 3.5). Chlorophyll c decreased 

with increasing light, though this relationship was only significant in summer. Likewise, 

fucoxanthin showed negative linear relationships with light in all seasons though this relationship 

was only significant in winter 2016 and summer. Pigment ratios showed positive linear relations 

with light in all seasons though this relationship was not significant for chl c:a in spring and winter 

2017 (Table 3.4; Figure 3.5). 
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Figure 3.1. Mean (± SE) total daily irradiance (A) and lamina biomass of Ecklonia radiata (B) at 

10-depth at each of the seven study sites in five seasons from winter 2016 to winter 2017. Sites are 

in order of increasing benthic irradiance from left to right.  
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Table 3.1. Summary of two-way ANOVAs (applied to raw data in the case of Rd and log-

transformed for lamina biomass, Pmax, α, Ec, and Ek) examining differences of lamina biomass and 

photosynthetic parameters among seasons and sites.  

Source of variation df MS F-value p 

     

Lamina biomass     

Site 6 2.49 28.20 <0.0001 

Season 4 13.56 153.66 <0.0001 

Site × Season 24 0.60 6.76 <0.0001 

Error 362 0.088   

Corrected total 396    

     

Pmax     

Site 6 0.55 14.04 <0.0001 

Season 4 3.55 90.97 <0.0001 

Site × Season 24 0.061 1.56 0.047 

Error 362 0.039   

Corrected total 396    

     

Rd     

Site 6 15.04 3.59 0.0018 

Season 4 417.54 99.67 <0.0001 

Site × Season 24 8.01 1.91 0.0067 

Error 362 4.19   

Corrected total 396    

     

α     

Site 6 1.24 14.78 <0.0001 

Season 4 4.37 52.13 <0.0001 

Site × Season 24 0.29 3.45 <0.0001 

Error 362 0.084   

Corrected total 396    

     

Ek     

Site 6 3.19 30.83 <0.0001 

Season 4 26.30 105.21 <0.0001 

Site × Season 24 0.36 3.47 <0.0001 

Error 362 0.10   

Corrected total 396    

     

Ec     

Site 6 2.02 21.76 <0.0001 

Season 4 11.04 118.78 <0.0001 

Site × Season 24 0.40 4.29 <0.0001 

Error 362 0.093   

Corrected total 396    
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Figure 3.2. Mean (± SE) maximum photosynthetic rate Pmax (A), respiration rate Rd (B), 

photosynthetic efficiency α (C), saturation irradiance Ek (D), and compensation irradiance Ec (E) 

of Ecklonia radiata from each of the seven study sites in five seasons from winter 2016 to winter 

2017. Photosynthetic parameters are derived from P-E curves obtained from laboratory incubations 

(n = 10-14 for each bar). Sites are in order of increasing benthic irradiance from left to right. 
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Table 3.2. Results of linear regression analyses (applied to raw data) examining the relationship 

between photosynthetic parameters derived from laboratory and in situ (only summer 2017) 

incubations and total daily irradiance (x, mol photons m-2 day-1) at the seven study sites in five 

seasons from winter 2016 to winter 2017. 

Variable Equation r2 F p 

     

Pmax     

Winter 2016 34.43 + 17.08 x 0.51 5.14 0.073 

Spring 2016 68.56 + 9.33 x 0.49 4.74 0.081 

Summer 16-17 47.86 + 6.25 x 0.83 24.02 0.0045 

Autumn 2017 61.12 + 4.28 x 0.83 24.47 0.0043 

Winter 2017 48.14 + 11.43 x 0.43 3.80 0.11 

In situ summer 2017 37.48 + 12.74 x 0.79 18.60 0.0076 

     

Rd     

Winter 2016 5.27 + 2.79 x 0.63 8.55 0.033 

Spring 2016 9.61 + 0.75 x 0.73 13.59 0.014 

Summer 16-17 17.57 – 0.48 x 0.84 25.74 0.0039 

Autumn 2017 10.31 + 0.21 x 0.23 1.47 0.28 

Winter 2017 6.33 + 2.77 x 0.43 3.76 0.11 

In situ summer 2017 21.16 – 1.34 x 0.98 360.52 <0.0001 

     

α     

Winter 2016 2.02 – 0.68 x 0.47 4.40 0.090 

Spring 2016 1.73 – 0.21 x 0.56 6.46 0.052 

Summer 16-17 1.09 – 0.008 x 0.011 0.057 0.82 

Autumn 2017 2.58 – 0.24 x 0.42 3.64 0.11 

Winter 2017 2.22 – 0.57 x 0.28 1.93 0.22 

In situ summer 2017 1.70 – 0.11 x 0.52 5.42 0.0010 

     

Ek     

Winter 2016 8.71 + 29.97 x 0.72 12.97 0.016 

Spring 2016 27.12 + 25.15 x 0.46 4.29 0.093 

Summer 16-17 49.15 + 5.90 x 0.46 4.23 0.095 

Autumn 2017 22.19 + 8.20 x 0.65 9.25 0.029 

Winter 2017 21.96 + 19.10 x 0.39 3.24 0.13 

In situ summer 2017 3.01 + 18.69 x 0.71 12.31 0.017 

     

Ec     

Winter 2016 1.08 + 5.07 x 0.56 6.27 0.054 

Spring 2016 3.87 + 2.79 x 0.69 11.19 0.020 

Summer 16-17 16.83 - 0.38 x 0.14 0.78 0.42 

Autumn 2017 4.01 + 0.91 x 0.58 6.94 0.046 

Winter 2017 2.39 + 3.77 x 0.52 5.43 0.067 
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In situ summer 2017 14.14 – 0.14 x 0.010 0.051 0.83 
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Figure 3.3.  
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Figure 3.3 (continued). Relationships of mean (± SE) photosynthetic parameters of Ecklonia radiata incubated in the laboratory from each of the 

seven study sites as a function of total daily irradiance (mol photons m-2 day-1) in each season. The open circles in “summer” are measurements derived 

from in situ incubations (see Materials and methods section for details). Solid lines are the linear regression fits to laboratory derived data for the 

seven sites whereas dashed lines are the linear regression fits to in situ derived data (p < 0.05; n = 7) (See Table 3.2 for details).  

 



  Chapter III 

 

57 

 

Table 3.3. Summary of two-way ANOVAs (applied to raw data) examining differences among 

seasons and sites of photosynthetic pigment content in Ecklonia radiata. 

 

Source of variation df MS F-value p 

     

Chlorophyll a     

Site 6 6.80 19.80 <0.0001 

Season 4 20.11 58.53 <0.0001 

Site × Season 24 0.56 1.63 0.043 

Residual 140 0.34   

Total 174    

     

Chlorophyll c     

Site 6 0.19 9.25 <0.0001 

Season 4 1.48 73.18 <0.0001 

Site × Season 24 0.049 2.43 0.0007 

Residual 140 0.020   

Total 174    

     

Fucoxanthin     

Site 6 0.69 5.72 <0.0001 

Season 4 7.70 64.06 <0.0001 

Site × Season 24 0.19 1.58 0.055 

Residual 140 0.12   

Total 174    

     

Chl c:chl a     

Site 6 0.0071 6.85 <0.0001 

Season 4 0.031 29.89 <0.0001 

Site × Season 24 0.00089 0.86 0.65 

Residual 140 0.0010   

Total 174    

     

Fucoxanthin:chl a     

Site 6 0.024 6.65 <0.0001 

Season 4 0.025 6.88 <0.0001 

Site × Season 24 0.0011 0.29 1.00 

Residual 140 0.0037   

Total 174    
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Figure 3.4. Mean (± SE) chlorophyll a (A), chlorophyll c (B), and fucoxanthin (C) concentrations, 

and chlorophyll c:a (D) and fucoxanthin:chl a (E) ratios of Ecklonia radiata from each of the seven 

study sites in five seasons from winter 2016 to winter 2017 (n = 5 for each bar). Sites are in order 

of increasing benthic irradiance from left to right. 
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Table 3.4. Results of linear regression analyses (applied to raw data) examining the relationship 

between photosynthetic pigment content and total daily irradiance (x, mol photons m-2 day-1) at the 

seven study sites in five seasons from winter 2016 to winter 2017.  

Variable Equation r2 F p 

     

Chlorophyll a     

Winter 2016 5.34 – 1.07 x 0.84 25.45 0.0040 

Spring 2016 3.54 – 0.25 x 0.74 14.59 0.012 

Summer 16-17 4.81 – 0.48 x 0.83 23.84 0.0045 

Autumn 2017 4.89 – 0.44 x 0.70 11.69 0.019 

Winter 2017 6.51 – 1.86 x 0.39 3.14 0.14 

     

Chlorophyll c     

Winter 2016 0.80 – 0.0024 x 0.00085 0.0042 0.95 

Spring 2016 0.60-0.00089 x 0.00040 0.0020 0.97 

Summer 16-17 1.19 – 0.11 x 0.76 15.78 0.0106 

Autumn 2017 0.98 – 0.066 x 0.43 3.81 0.11 

Winter 2017 1.45 – 0.27 x 0.17 1.05 0.35 

     

Fucoxanthin     

Winter 2016 2.63 – 0.35 x 0.72 12.76 0.016 

Spring 2016 1.52 – 0.033 x 0.22 1.41 0.29 

Summer 16-17 2.14 – 0.19 x 0.76 15.95 0.010 

Autumn 2017 2.41 – 0.14 x 0.49 4.71 0.082 

Winter 2017 2.71 – 0.39 x 0.097 0.54 0.50 

     

Chl c:chl a     

Winter 2016 0.14 + 0.050 x 0.71 12.42 0.017 

Spring 2016 0.16 + 0.020 x 0.53 5.68 0.063 

Summer 16-17 0.23 + 0.0075 x 0.77 16.73 0.0094 

Autumn 2017 0.19 + 0.010 x 0.66 9.70 0.026 

Winter 2017 0.20 + 0.052 x 0.55 6.18 0.055 

     

Fucoxanthin: chl a     

Winter 2016 0.48 + 0.056 x 0.63 8.56 0.033 

Spring 2016 0.42 + 0.031 x 0.74 14.53 0.013 

Summer 16-17 0.41 + 0.018 x 0.84 25.55 0.0039 

Autumn 2017 0.48 + 0.026 x 0.91 48.60 0.0009 

Winter 2017 0.38 + 0.12 x 0.69 10.90 0.022 
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Figure 3.5. Relationships of mean (± SE) photosynthetic pigment content of Ecklonia radiata from 

each of the seven study sites in five seasons, winter 2016 through winter 2017, as a function of 

total daily irradiance (mol photons m-2 day-1). Solid and dashed lines are the linear regression fits 

of mean values at each of the seven sites (p < 0.05; n = 7) (See Table 3.4 for details). 
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3.4 Discussion 

 In this study the seasonal photoacclimation response of the kelp E. radiata to light along a 

turbidity gradient in the Hauraki Gulf was investigated by examining photosynthetic parameters 

derived from P-E curves and photosynthetic pigment content. Photosynthetic parameters and 

pigments showed clear seasonal patterns across all sites as demonstrated by higher photosynthetic 

pigment levels and photosynthetic efficiency (α) occurring in autumn and winter, and higher 

maximum rates of photosynthesis (Pmax) and respiration (Rd) occurring in spring and summer 

respectively. Furthermore, photosynthetic parameters and pigments of E. radiata showed clear 

relationships with benthic irradiance in each season. In general, individuals from low-light sites 

had higher photosynthetic pigment content, greater photosynthetic efficiency, yet lower Pmax than 

individuals from high-light sites.  

 

3.4.1 Variation in lamina biomass 

Biomass of the lamina, the photosynthetic production house of the thallus, varied seasonally 

across all sites, with high biomass occurring in spring and summer, and low biomass occurring in 

autumn and winter. This pattern is in line with seasonal trends reported for E. radiata and other 

kelps (Mann  1973; Chapman & Craigie  1978; Kirkman  1984; Miller et al.  2011b). In general, 

accumulation of biomass is highest in spring when nutrients and light are elevated, followed by 

increased tissue sloughing with warm temperatures in summer and reduced growth through autumn 

and winter when irradiance is limiting (Novaczek  1984; Larkum  1986; Kirkman  1989; Miller et 

al.  2011b). Lamina biomass was only weakly related to total daily irradiance at each site and this 

relationship was only significant in autumn and winter 2017.  In Chapter II, lamina biomass at the 

nine sites was positively related to light. While the lack of relationship could be related to lower 

number of sites in this chapter, the growth, erosion, and hence biomass of kelp, are known to be 

influenced by a suite of abiotic and biotic variables including benthic irradiance, temperature, 

hydrodynamic forces, canopy age, and reproductive state (Wernberg & Goldberg  2008; 

Cavanaugh et al.  2011; Bell et al.  2015). Thus, differences in lamina biomass among sites in the 

current study may reflect the differences in environmental conditions at each site or the state of the 

kelp forest at the time of sampling.   

 

3.4.2 Photosynthesis-irradiance response of Ecklonia radiata 

Measurements of photosynthesis-irradiance curves revealed clear seasonal differences in 

photosynthetic parameters across the seven study sites and also distinct spatial patterns among sites 

suggesting that E. radiata are able to readily acclimate to their environmental surroundings both 
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spatially and temporally. In particular, the negative relationships between both α and 

photosynthetic pigment content with light demonstrate how kelp can acclimate to low light 

conditions. Increased photosynthetic efficiency under low light is generally the result of an increase 

in the number of reaction centres (RCs) or the size of the functional absorption cross-section of the 

RC (Falkowski & Raven  2007). Adjustment of the size of the functional absorption cross-section, 

or upregulation of light harvesting (antennae) pigments, optimizes potential absorption of photons 

by light harvesting chl-protein complexes (LHCs) and photon utilisation by PSII (Falkowski & 

Owens  1980; Falkowski & LaRoche  1991). Changes to the absorption cross-section can also 

affect Ek and Ec as an increase in the efficiency of photon capture results in a decrease in the light 

required to reach photosynthetic saturation (Falkowski & Raven  2007). Observations of lower Ek 

and Ec for E. radiata at low light sites and in low light seasons, such as winter, in the current study 

is consistent with this explanation. In contrast, only small differences in α across seasons were 

observed, with peak photosynthetic efficiency mostly occurring in autumn rather than winter. This 

may be explained by the fact that photosynthetic measurements were taken at the end of each 

season. Thus, autumn measurements were taken in May close to winter solstice in June. The spatial 

patterns of photosynthetic parameters across the turbidity gradient presented here are similar to that 

shown for E. radiata from the same sites in the summer of 2015 (Chapter II). Albeit, in some cases 

the relationship with light was not as strong in the current study. This may be a reflection of the 

lower number of sites used or a result of incubating plants under laboratory conditions (discussed 

below).  

Maximum photosynthetic rates (Pmax) were typically highest at high light sites. This 

positive relationship between Pmax and light is in contrast to low-light acclimation hypotheses 

whereby increased photosynthetic efficiency under low light, as a result of an increase in the 

number and/or the size of photosynthetic units (PSUs), results in an increase in Pmax (Enríquez et 

al.  1996; Falkowski & Raven  2007). This positive relationship of Pmax with light was also reported 

for E. radiata from the Hauraki Gulf incubated in situ in the summer of 2015 (Chapter II). In both 

the current and aforementioned study, morphological differences of the laminae among sites rather 

than cellular acclimation (i.e. photosynthetic pigment content) was a likely driver of the increase 

in photosynthetic output with increasing light (Chapter II). Inner Gulf sites (low light) were 

characterized by streamlined, non-self-shading thalli with low surface area to volume ratios, 

whereas outer Gulf sites (high light) were characterized by wide secondary laterals that produce 

significant inter-frond shading and high surface area to volume ratios. Firstly, the high surface area 

to volume ratios may be an important driver of Pmax (expressed per unit biomass) as has been shown 

across many photosynthetic taxa (Enríquez et al.  1996). Secondly, the overlapping laminae 
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morphology of outer Gulf sites may allow thalli to exploit the overabundance of photons under 

high light through the interaction of frond morphology and light flecks with frond movement in the 

water. The self-shading frond morphology of outer Gulf sites may also provide a possible 

explanation for the increases in Ek and Ec with increasing light. The lower Pmax at low light sites, 

despite increases in α and photosynthetic pigment content, may also suggest an ecological trade-

off whereby E. radiata from low light sites invest more energy into cellular and physiological 

acclimation properties rather than morphological characteristics in order to maintain growth in 

these low-light environments. Conversely, E. radiata from high light sites have a surplus of light 

energy to put towards morphological characteristics that will enhance photosynthetic output.  

Rates of respiration across all sites followed a clear seasonal pattern in which Rd was highest 

in summer and lowest in winter. This is likely a reflection of either the high light environment, high 

sea water temperatures, or a combination of both. The positive relationship between Rd and light 

in all seasons, with the exception of summer, was indicative of a photoacclimation response in E. 

radiata (Kirk  2011). As light decreases, thalli must become more efficient and expend less energy 

to optimize use of available resources. As light or Pmax decrease, Rd may decrease to compensate 

(Falkowski & Raven  2007). However, during summer when respiration rates were highest, Rd 

showed a negative relationship with light. This may indicate an interaction between the light and 

temperature environment, whereby under high temperatures, low-light environments become more 

stressful. Indeed, Pmax and Rd increase with increasing seawater temperature as a result of increasing 

metabolic activity up to a maximum thermal threshold after which both photosynthetic and 

respiration rates decline (Davison  1991). Declines at peak temperatures may be the result of 

limitations in the photosynthetic electron transport system (e.g. Von Caemmerer & Farquhar  

1981),  carbon metabolism (e.g. Li et al.  1984; Sukenik et al.  1987; Rivkin  1990), or PSII (e.g 

Fork et al.  1979; Kuebler et al.  1991).  

Environmental variables such as temperature and nutrient availability are innately linked 

with variation in photosynthetic parameters (Chapman et al.  1978; Smith et al.  1983; Davison  

1987; Machalek et al.  1996). High Pmax in spring also correlated with the onset of increasing sea 

temperatures. Subsequently, declines in photosynthetic rate were first observed at the end of 

summer following maximum annual temperatures of between 21 and 24°C in February and March 

(Appendix 3.A). This was also when respiration rates were highest and the relationship between 

respiration and light changed from positive to negative. As photosynthetic metabolism is innately 

linked with temperature (Davison  1987), this may be an indication of thermal stress under peak 

summer temperatures. Indeed, the upper thermal tolerance of photosynthesis is often determined 

by the thermal stability of PSII (Davison  1991). Declines in photosynthetic output between spring 
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and summer could also be driven by nitrogen limitation, which causes a decrease in the efficiency 

of PSII and reduction in carbon metabolism (Turpin  1991). In temperate coastal waters, N often 

becomes limiting for growth in summer when seawater temperatures are high (Chapman & Craigie  

1977; Chapman & Craigie  1978). In the current study, seawater NO2
- + NO3

- and NH4
+ 

concentrations were typically lowest at all sites at the end of summer (Appendix 3.A). Furthermore, 

% tissue N was lowest at the end of summer (March) when values were well below 2 % and 

sometimes below 1%, indicating that N was limiting growth (see Chapter IV, Gerard  1982b). As 

N is an essential macromolecule for the production of pigments, N limitation may also result in a 

decline of photosynthetic pigment concentrations (Shivji  1985; Barufi et al.  2011), which was 

apparent in most cases between spring and summer of the current study, especially at high light 

sites.        

 

3.4.3 Laboratory vs in situ P-E measurements 

 Incubation of E. radiata under artificial light resulted in photosynthetic parameters 

that were generally similar to those measured in situ, with the exception of Pmax which was higher 

when measured in situ and Rd which spanned a much larger range in situ. Differences in 

photosynthetic parameters between in situ and laboratory-incubated E. radiata plants were also 

observed by Rodgers et al. (2015). The authors of that study suggested that the use of artificial 

lights creates significant light gradients within the tanks and self-shading of thalli during 

incubations. In contrast, in situ light is dispersed in multiple directions and fluctuates in intensity 

over very short timescales due to light flecking (Dromgoole  1988; Wing & Patterson  1993). This 

acts to optimize the amount of light available to photosynthetic thalli and also evens the distribution 

of light to individual fronds. Rodgers et al. (2015), found that Pmax measured under artificial light 

was ~ 55 % of that measured in situ, whereas in the current study, Pmax derived from laboratory 

measurements ranged from ~ 65 to 96 % of that measured in situ. This difference may be driven 

by the type of artificial lights used (i.e. halogen, beam source, bulbs vs LED, six-point source bulbs) 

or morphological characteristics of the plants incubated. LED lights used in the current study were 

more powerful and placed higher above tanks than the halogen lighting used in the aforementioned 

study. This reduced the light gradient from the top to bottom of tanks and thus, may have increased 

the dispersion of light to fronds. Additionally, LED lights, which are rich in blue wavelengths, have 

a much different spectral composition than halogen lights, which are rich in yellow to red 

wavelengths. As spectral composition is known to affect photosynthesis in macroalgae, this may 

provide another explanation for the differences observed in the current study (Kirk  2011; Cullen 

et al.  2012). Furthermore, that differences between laboratory and in situ measurements of Pmax 
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became more prominent in plants from high light sites suggests that the over-lapping frond 

morphology of outer Gulf (high light) sites described above and the increase in thallus self-shading 

may have been exacerbated by the limited light dispersion in tanks.  

 

3.4.4 Photosynthetic pigment content 

Photoacclimation occurring at a cellular level in E. radiata was clearly demonstrated by the 

(1) negative linear relationships of chlorophyll and fucoxanthin content with light in each season, 

(2) the high and low photosynthetic pigment levels in low and high light seasons, respectively, and 

(3) the positive relationships of chl c:chl a and fucoxanthin:chl a with light in each season (Wheeler  

1980; Falkowski & LaRoche  1991; Kirk  2011). This, again, would indicate an upregulation of the 

number or size of photosynthetic RCs (Falkowski et al.  1981). Yet, as indicated above, increases 

in chl a (and α) did not correlate with an increase in Pmax per unit biomass, which would be expected 

if there was indeed an increase in number of RCs. This may have also been influenced by the 

“package effect” whereby an increase in photosynthetic pigments enhances photosynthetic output 

only up to a certain concentration after which cellular self-shading occurs and photosynthetic 

output stabilizes or even declines (Kirk  2011). Furthermore, changes in the proportion of antennae 

pigments, such as chl c and fucoxanthin, to chl a may also indicate a photoacclimation response 

(Wheeler  1980; Falkowski & LaRoche  1991). Photosynthetic pigment ratios (chl c:chl a and 

fucoxanthin:chl a) had a positive linear relationship with light within each season which may be an 

indication of an acclimation response to low light (Wheeler  1980; Falkowski & LaRoche  1991; 

Campbell et al.  1999). In addition to optimizing photosynthetic capacity under low light, changes 

in pigment composition act to maximize photosynthetic output at high light levels by way of 

preventing photoinhibition (Falkowski & Raven  2007). This may also account for the increases in 

Ek with light observed. In contrast, changes in fucoxanthin:chl a were generally highest in winter 

and autumn seasons which may suggest that fucoxanthin plays a more prominent role in photon 

utilisation rather than photoprotection.  

 

3.4.5 Concluding remarks 

This study demonstrates the ability of the foundational species E. radiata to acclimate to a 

range of light conditions both seasonally and spatially across the Hauraki Gulf. These seasonal and 

site-related changes in photosynthetic parameters and pigments, allow E. radiata to grow and 

survive at its current distribution. Quantifying the acclimation response of E. radiata to low light 

in all seasons is a key element to accurately predicting primary production annually and 

understanding the effects of turbidity on coastal production. Yet, given that photosynthetic output 
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does not always translate directly into primary production (e.g. Miller et al.  2012; Rodgers & 

Shears  2016), the next crucial step will be to integrate the information from the current study into 

a model of primary production that also includes parameters such as standing crop biomass and 

benthic irradiance. Understanding the interaction of photosynthetic parameters and light on primary 

production will allow us to accurately assess the influence of turbidity on coastal primary 

production and predict how this will be affected by future stressors associated with climate change.   
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Appendix 3.A 

 

Environmental variables 

Temperature was recorded at each site every 30 minutes from May 2016 to September 2017 

by each of two temperature loggers (±0.5°C, model HOBO Pendent; Onset Computer Corporation) 

attached to eye bolts embedded in the seabed at 10-m depth. Average sea temperature was similar 

among study sites within seasons ranging from ~ 15°C in winter to 20°C in summer. The annual 

range of temperature varied among sites from 6.8°C (Site 8) to 10.9°C (Site 2). 

Three 50-mL samples were collected from the sea surface upon each visit to each site (c. 

every three months) for seawater nutrient measurements (NO3
-, NO2

-, NH4
+, and PO4

3-). Triplicate 

50-mL samples were immediately stored frozen (-18°C), unfiltered, until being thawed and 

analysed for nutrient concentrations. Using previously frozen, unfiltered samples has no effect on 

the results obtained compared to refrigerating and analysing within 4-5 hrs (Barr & Rees  2003). 

Nutrient concentrations for nitrate (NO3
-), nitrite (NO2

-), ammonium (NH4
+), and phosphate (PO4

3-

) were determined spectrophotometrically using methods outlined by Parsons (2013). Absorbance 

readings were taken at 630, 540, 540, and 880 nm for NH4
+, NO3

-, NO2
-, and PO4

3-, respectively. 

Sea water nutrient concentrations were variable among sites and seasons. NO2
- + NO3

- 

concentrations were typically low at inner Gulf sites in all seasons while outer Gulf sites showed 

slight increases in winter. Ammonium concentrations were generally highest at inner Gulf sites 

where little seasonal variation was observed. Outer Gulf sites typically had low NH4
+ 

concentrations in spring and summer and highest concentrations in winter in most cases. Phosphate 

concentrations were low in all seasons and at all sites (< 1.4 µM). 
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Table 3.A1. Mean (± SE) daily photon flux density (mol photons m-2 day-1), sea temperature (°C), and NO2
- + NO3

-, NH4
+, and PO4

3- concentrations 

(µM), at each of the seven study sites from winter 2016 to winter 2017. See Materials and methods section for details. 

 

Site Site 2 Site 3 Site 4 Site 5 Site 6 Site 8 Site 9 

        

Daily PFD (mol photons m-2 day-1)        

Winter 2016 0.9 ± 0.05 1.0 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 1.8 ± 0.1 

Spring 2016 1.7 ± 0.1 1.8 ± 0.1 2.9 ± 0.2 2.5 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 4.7 ± 0.3 

Summer 16-17 2.7 ± 0.1 3.8 ± 0.2 5.1 ± 0.2 4.7 ± 0.2 5.6 ± 0.2 6.1 ± 0.3 6.9 ± 0.3 

Autumn 2017 1.2 ± 0.1 1.4 ± 0.1 3.2 ± 0.2 3.1 ± 0.2 3.9 ± 0.2 4.1 ± 0.2 4.0 ± 0.3 

Winter 2017 0.9 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.7 ± 0.1 

        

Mean temp. °C        

Winter 2016 15.0 ± 0.1 15.0 ± 0.1 15.0 ± 0.1 14.8 ± 0.1 15.2 ± 0.1 15.9 ± 0.1 16.2 ± 0.1 

Spring 2016 15.5 ± 0.1 15.4 ± 0.1 15.5 ± 0.1 15.7 ± 0.1 15.4 ± 0.1 15.9 ± 0.1 16.1 ± 0.1 

Summer 16-17 19.0 ± 0.1 18.9 ± 0.1 19.2 ± 0.1 19.5 ± 0.1 18.8 ± 0.1 18.5 ± 0.1 19.1 ± 0.1 

Autumn 2017 19.9 ± 0.2 19.9 ± 0.1 20.0 ± 0.1 20.1 ± 0.2 19.9 ± 0.1 19.5 ± 0.1 20.0 ± 0.1 

Winter 2017 15.0 ± 0.1 15.2 ± 0.1 15.2 ± 0.1 15.1 ± 0.1 16.1 ± 0.1 16.2 ± 0.1 16.7 ± 0.1 

        

Annual maximum  23.6 21.8 21.9 22.4 21.7 21.4 21.8 

Annual minimum 12.7 13.3 13.1 13.2 13.7 14.6 14.6 

        

NO2
- + NO3

-
 (µM)        

August 2016 0.77 ± 0.16 0.92 ± 0.08 1.41 ± 0.20 0.71 ± 0.10 5.44 ± 0.39 2.90 ± 0.43 4.55 ± 0.61 

November 2016 1.43 ± 0.04 1.13 ± 0.30 0.31 ± 0.04 0.56 ± 0.05 3.06 ± 0.10 0.71 ± 0.12 0.31 ± 0.02 

February 16-17 0.28 ± 0.03 0.22 ± 0.03 0.35 ± 0.05 0.44 ± 0.02 0.91 ± 0.05 0.66 ± 0.02 0.61 ± 0.01 

May 2017 1.06 ± 0.12 1.01 ± 0.09 1.13 ± 0.02 0.80 ± 0.12 2.50 ± 0.21 2.76 ± 0.04 2.57 ± 0.16 

August 2017 0.95 ± 0.12 0.77 ± 0.15 1.04 ± 0.13 0.56 ± 0.03 3.20 ± 0.04 1.83 ± 0.21 2.83 ± 0.22 
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NH4
+

 (µM)        

August 2016 3.18 ± 0.48 1.85 ± 0.24 2.25 ± 0.01 2.40 ± 0.34 3.19 ± 0.10 1.54 ± 0.05 0.50 ± 0.02 

November 2016 3.22 ± 0.09 2.45 ± 0.31 2.45 ± 0.31 1.25 ± 0.17 0.49 ± 0.04 0.47 ± 0.01 0.68 ± 0.15 

February 16-17 2.38 ± 0.19 1.87 ± 0.09 1.95 ± 0.05 0.80 ± 0.02 0.55 ± 0.03 0.83 ± 0.01 0.75 ± 0.06 

May 2017 3.79 ± 0.08 4.07 ± 0.36 3.46 ± 0.36 4.52 ± 0.28 4.24 ± 0.41 3.37 ± 0.05 3.58 ± 0.44 

August 2017 3.95 ± 0.16 2.76 ± 0.15 4.04 ± 0.19 2.94 ± 0.16 3.83 ± 0.62 3.93 ± 0.01 3.53 ± 0.02 

        

PO4
3-

 (µM)        

August 2016 0.26 ± 0.01 0.30 ± 0.02 0.31 ± 0.03 1.30 ± 0.09 1.13 ± 0.04 1.14 ± 0.07 1.06 ± 0.04 

November 2016 0.28 ± 0.01 0.26 ± 0.02 0.28 ± 0.02 1.07 ± 0.02 1.05 ± 0.03 1.03 ± 0.02 1.07 ± 0.24 

February 16-17 0.30 ± 0.02 0.26 ± 0.01 0.32 ± 0.02 0.24 ± 0.01 1.05 ± 0.04 0.26 ± 0.05 0.20 ± 0.01 

May 2017 0.59 ± 0.04 0.69 ± 0.05 0.49 ± 0.06 0.62 ± 0.01 0.68 ± 0.04 0.45 ± 0.01 0.39 ± 0.02 

August 2017 0.52 ± 0.03 0.40 ± 0.03 0.45 ± 0.02 0.31 ± 0.02 0.38 ± 0.01 0.59 ± 0.04 0.41 ± 0.03 
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Appendix 3.B 

 

Relationship of Ecklonia radiata lamina biomass with total daily irradiance 

 

Table 3.B1. Results of regression analyses (applied to raw data) examining the relationship 

between Ecklonia radiata lamina biomass and total daily irradiance (x, mol photons m-2 day-1) at 

8-10-m depth at each of the seven study sites. Bold values indicate significance.  

Variable Equation r2 F p 

     

Winter 2016 29.98 – 2.38 x 0.041 0.22 0.66 

Spring 2016 21.62 + 8.73 x 0.24 1.54 0.27 

Summer 16-17 47.44 + 3.05 x 0.11 0.59 0.48 

Autumn 2017 13.62 + 4.72 x 0.79 19.38 0.0070 

Winter 2017 -3.59 + 21.91 x 0.92 55.99 0.0007 
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Figure 3.B1. Relationship between mean (± SE) lamina biomass of Ecklonia radiata and total daily 

irradiance at each of the seven study sites in each of the five seasons. Solid lines are the regression 

fits to the seven data points (see Table 3.A1 for details).  
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Appendix 3.C 

 

Seasonal photosynthesis-irradiance curves 

 

 

Figure 3.C1. Net photosynthetic rate (µmol O2 g
-1 dw h-1) of Ecklonia radiata as a function of 

incident irradiance at each of the seven study sites in five seasons. P-E curves are derived from the 

average (n = 10 to 14 or 9 for laboratory and in situ measurements, respectively) photosynthetic 

parameters from thalli incubated in the laboratory or in situ in each season.  
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CHAPTER IV 

Turbidity limits the distribution, growth, and productivity of the kelp 

Ecklonia radiata 

 

4.1 Introduction 

Kelps are a vital component of temperate rocky reefs globally (Santelices & Ojeda  1983; 

Duggins et al.  1990; Bruno & Bertness  2001; Graham  2004; Christie et al.  2009) and have a 

marked ability to acclimate to variation in the local environment (e.g. Gerard  1988; Friedland & 

Denny  1995; Fowler-Walker et al.  2005; Fowler-Walker et al.  2006; Demes et al.  2009). Even 

so, the health and productivity of kelp forests are under increasing threat from numerous 

anthropogenic stressors (Steneck et al.  2002; Airoldi & Beck  2007; Harley et al.  2012; Wernberg 

et al.  2013). One, often overlooked, anthropogenic stressor is increasing turbidity. Increased input 

of terrigenous matter as a result of logging, urban development, and farming practices near 

coastlines poses an undeniable threat to coastal marine ecosystems (Airoldi & Cinelli  1997; Roleda 

et al.  2008; Kavanaugh et al.  2009; Smith & Schindler  2009; Harley et al.  2012; Desmond et al.  

2015; Seers & Shears  2015); one that may be exacerbated by increases in precipitation, storm 

activity, and sea level predicted to occur in the future with climate change (Davies-Colley & Smith  

2001; Thrush et al.  2004; Syvitski et al.  2005; Storlazzi et al.  2009; Klein et al.  2012; Fabricius 

et al.  2014; Seers & Shears  2015).  

As light is a primary driver of photosynthesis and primary production, the reduction of 

benthic irradiance caused by increased turbidity is certainly one of the greatest threats to subtidal 

macroalgal populations. There is growing evidence linking increased turbidity with the reduction 

of macroalgal populations (e.g. Josselyn & West  1985; Nielsen et al.  2002; Thomsen & 

McGlathery  2007; Shepherd et al.  2009; Cebrian et al.  2014), which can be added to the well-

established evidence for seagrasses (e.g Goldsborough & Kemp  1988; Abal & Dennison  1996; 

Vermaat et al.  1998; Ruiz & Romero  2003; Newell & Koch  2004). However, despite the 

importance of kelp forests to coastal rocky reef communities globally, the long-term impacts of 

declining water quality on kelp are poorly understood (but see Aumack et al.  2007; Shepherd et 

al.  2009; Burrows  2012). Estimates of primary production can be useful indicators of the health 

of photoautotrophic individuals and populations (Kirk  2011). Furthermore, as primary production 

is the ultimate source of organic carbon for all coastal food webs, estimates of primary production 

provide useful insight into overall ecosystem health and stability (Costanza  1992). In light of the 

continual increases of turbidity globally (Davies-Colley & Smith  2001; Thrush et al.  2004; 
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Syvitski et al.  2005; Klein et al.  2012; Fabricius et al.  2014; Seers & Shears  2015), monitoring 

the health and productivity of key habitat-forming benthic primary producers, such as kelp, will be 

a critical precursor to assessing the status of coastal marine ecosystems in the future.  

A number of methods are used to estimate kelp productivity. These estimates have 

traditionally involved repetitive, long-term measurements of growth or standing biomass (i.e. 

carbon accumulation), which can be incorporated into a model of kelp dynamics to relate 

productivity to seasonal or annual changes in environmental variables (Mann  1973; Mann & 

Kirkman  1981; Kirkman  1984; Rassweiler et al.  2008; Reed et al.  2008, 2009). Growth or 

biomass accumulation is mediated by carbon allocation and thus integrative of numerous 

physiological processes (Lüning  1979) making them reasonably good indicators of  net primary 

production (NPP) in kelp forests (e.g Reed et al.  2008, 2009). However, growth and biomass 

accumulation may not account for carbon lost through release of dissolved organic carbon, tissue 

erosion, grazing, and dislodgment of individuals (Larkum  1986). A method developed by Mann 

and Kirkman (1981) gets around some of these problems by scaling lamina growth with an estimate 

of biomass maximum per unit of lamina length, which results in an estimate of gross biomass 

accumulation.  

Alternatively, methods involving photorespirometry chambers, either in situ (Chisholm et 

al.  1990; Cheshire et al.  1996; Westphalen & Cheshire  1997; Fairhead & Cheshire  2004a; Miller 

et al.  2009; Tait & Schiel  2010; Gevaert et al.  2011; Rodgers et al.  2015) or in a laboratory 

(Binzer & Sand-Jensen  2002; Middelboe et al.  2006; Staehr & Wernberg  2009; Richards et al.  

2011; Rodgers et al.  2015), allows for instantaneous measurement of individual metabolic rates 

by measuring oxygen evolution under a given set of natural or artificial, laboratory conditions. 

Information on mass-specific photosynthetic and respiratory rates can then be used to predict 

productivity on both minute and large scales by combining this with information on kelp biomass 

and incident irradiance (Gevaert et al.  2011; Miller et al.  2012; Rodgers et al.  2015; Rodgers & 

Shears  2016). As photosynthesis drives the assimilation of carbon in photoautotrophs, measuring 

changes in photosynthetic activity may provide a more accurate estimate of total carbon production. 

In any case, models of primary production, whether based on growth or photosynthetic activity, 

provide an experimental framework from which to assess the current state of kelp forests and 

predict how their productivity will be affected by inevitable changes in the marine environment.  

The kelp Ecklonia radiata is the dominant canopy-forming macrophyte of subtidal rocky 

reefs in north-eastern New Zealand (Choat & Schiel  1982; Shears & Babcock  2007) supporting 

complex food webs through primary and secondary production (Russell  1977; Smith et al.  1996; 

Taylor  1998; Babcock et al.  1999). There is growing evidence for declines in E. radiata 
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populations due to stressors associated with increasing turbidity such as sedimentation and 

eutrophication (Gorgula & Connell  2004; Russell et al.  2009; Shepherd et al.  2009; Desmond et 

al.  2015). However, direct assessments of the effects of reduced light on E. radiata are limited (but 

see Miller et al.  2011b). As a subsurface canopy-former, E. radiata is able to make morphological 

and physiological changes to enhance photosynthetic capacity and growth under low light 

conditions (Fairhead & Cheshire  2004b; Miller et al.  2006; Staehr & Wernberg  2009; Rodgers & 

Shears  2016). Yet, these changes may not be sufficient to ensure the survival of E. radiata under 

extreme low light conditions. Moreover, despite the ability of E. radiata to withstand periods of 

low light, there are inevitable thresholds below which further acclimation results in reduced 

production (Lüning  1981, 1990; Markager & Sand-Jensen  1992; Hanelt & Figueroa  2012). 

In the Hauraki Gulf extensive logging, farming and land development practices near the 

city of Auckland have led to a prominent gradient in turbidity, which increases from the outer to 

inner Gulf (Thrush et al.  2004; Seers & Shears  2015). At relatively pristine, outer Gulf sites E. 

radiata forms monospecific stands from ~ 4 to greater than 20-m depth, while towards the inner 

Gulf, where turbidity is high, the abundance and vertical distribution of E. radiata is greatly 

reduced and the fucoid species, Carpophyllum flexuosum, dominates (Grace  1983). While previous 

studies have suggested that the reduced density of E. radiata in the inner Gulf is due to increased 

turbidity (Grace  1983; Shears & Babcock  2007), these observational studies have not been able 

to rule out the confounding effects of reduced wave exposure and reduced vertical extent of the 

reef at inner Gulf locations on the observed patterns in kelp distribution. As a crucial entity of 

subtidal reef ecosystems in New Zealand, it is important to better understand the effects of localized 

stressors, such as elevated turbidity, on the health and productivity of E. radiata in order to predict 

and mitigate the effects of future stressors.    

Benthic irradiance declines with increasing turbidity and as a result the productivity of 

benthic primary producers is expected to decline.  In this study, the vertical distributions of E. 

radiata and C. flexuosum were investigated, and the growth and primary production of E. radiata 

were quantified, at seven sites across the turbidity gradient in the Hauraki Gulf, north-eastern New 

Zealand. Specifically, the “hole punch” method of Mann and Kirkman (1981) was used to estimate 

biomass accumulation, whereas net primary production was estimated using a physiological model 

that incorporates information on O2 evolution, light, and biomass (Rodgers & Shears  2016).  A 

comparative experimental approach was used whereby sites with similar wave exposure, slope, and 

reef extent were selected across the turbidity gradient, and the growth and primary production of 

E. radiata were quantified at a constant depth (8-10 m) across the sites.  Furthermore, a range of 
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environmental variables including light, temperature and nutrients were quantified at each site so 

that the relative importance of light compared to other factors on kelp forests could be examined.   

 

4.2 Materials and methods 

4.2.1 Study sites 

This study was carried out at seven sites located across a turbidity gradient in the Hauraki 

Gulf. The seven sites are a subset (Sites 2-6, and 8-9) of the nine sites used in a Chapter II (Figure 

2.1). The sites span a distance of ~ 100 km and are each separated by > 5 km. Each site is 

characterized by subtidal rocky reefs with the presence of E. radiata in at least 8-10 m depths. A 

prominent turbidity gradient from the inner to outer Hauraki Gulf results in a benthic light gradient 

from relatively high-light at outer Gulf sites to low-light at inner Gulf sites (Chapter III).  Wave 

exposure also varies from the outer to inner Hauraki Gulf, so sites that were semi-protected from 

wind and wave activity were selected across the region. Details on specific site positions can be 

found in Chapter II (Figure 2.1). Investigation of kelp growth and productivity (details below) were 

conducted at a constant depth (c. 8-10 m) across sites to control for the influences of swell and 

urchin grazing, which often impact shallow (< 8 m) populations of kelp in the region (Shears & 

Babcock  2004). 

Environmental parameters including photon flux density (PFD), temperature, and seawater 

nutrients (NO2
-, NO3

-, NH4
+, and PO4

3-) were monitored at each site for the duration of the study 

(see Chapter III for details on methods and results). Wind fetch was calculated for each site as a 

measure of wave exposure by summing the potential fetch for each 10° sector of the compass rose. 

For open sectors of water the radial distance was set at 300 km, to emphasise the effect of large 

north-easterly swells generated offshore.  

 

4.2.2 Depth distribution surveys and canopy biomass 

One transect line was haphazardly placed at each site to record the depth distribution of E. 

radiata, C. flexuosum, and urchin populations. Transects were run perpendicular to the shore on a 

fixed compass bearing from MLWS to the edge of the reef or a maximum of 21 m depth. The 

density of adult E. radiata and C. flexuosum and the densities of urchins (Evechinus chloroticus 

and Centrostephanus rodgersii) were recorded at 3 m depth intervals (3 to 21 m below MLWS) 

along the transect in each of 5 - 1 m2 quadrats. Depths were corrected for tidal height at the time of 

sampling. Quadrats were haphazardly placed at each of the given depths within 10 m of the transect 

line. Depth distribution surveys were conducted in February/March 2016. The densities of E. 

radiata and C. flexuosum were also quantified in February/March 2017 at each site at c. 8-10 m 
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depth, which corresponded with the biomass accumulation study described below. For each 

quadrat, the densities of adult canopy-forming E. radiata were converted to an estimate of total 

canopy biomass (kg dw m-2) using the average total biomass (stipe + lamina) of adult individuals 

from each site.  

 

4.2.3 Biomass accumulation of adult Ecklonia radiata 

Biomass accumulation in E. radiata was measured seasonally from August 2016 to 

September 2017 using the “hole-punch” method described by Mann and Kirkman (1981). On 2-8 

August 2016, twenty randomly selected adult E. radiata (n = 20) at each site were tagged and 

measured in situ. Stipe length (SL), primary lamina length (PLL), and secondary lateral length 

(SLL) were measured, and the number of secondary laterals counted. Individuals were then “hole-

punched” with two 3-mm holes at 5 and 10 cm from the meristem. Primary lamina extension occurs 

almost exclusively from the meristematic tissue located at the stipe/primary lamina junction. Thus, 

the first hole is used to monitor lamina extension and erosion and the second hole is to ensure that 

growth is not occurring elsewhere in the primary lamina (Mann & Kirkman  1981). By monitoring 

the movement of the first hole up the primary lamina over time, the rate of primary lamina extension 

and erosion can be calculated. Upon subsequent visits to the sites in December 2016, March 2017, 

and June 2017, tagged E. radiata were re-measured (SL, PLL, SLL and the number of secondary 

laminae).  In addition, the distance of holes from the stipe/lamina junction were also measured and 

each individual was punched with a new hole at the 5 cm position. Some tagged individuals had 

been dislodged from the substratum or eroded to the stipe in-between site visits. In these cases new 

individuals were tagged to bring the total sample size for each site back to 20. On each site visit, 

15 additional kelp were collected and transported to the Leigh Marine Laboratory to obtain 

photosynthetic and morphological measurements including SL, PLL, SLL, the number of 

secondary laminae, primary lamina width (PLW), secondary lamina width (SLW), stipe diameter, 

and wet and dry (air dried and then dried for 48 hrs in a 60°C drying oven) weight. At the end of 

the study (September 2017), all tagged individuals were collected from each study site and 

transported to the Leigh Marine Laboratory to be re-measured for all morphological and 

photosynthetic measurements.  

Rates of primary lamina extension (as indicated by hole movement) do not provide a 

reliable estimate of the rate of biomass accumulation due to morphological differences in the 

laminae among sites. The lamina of E. radiata can be divided into three zones including (1) a zone 

of secondary growth at the proximal end of the primary lamina, where increases in weight are 

greater than lamina extension, (2) a zone of maximum biomass where changes in weight and lamina 
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extension are relatively constant; and (3) a zone of erosion where weight decreases more rapidly 

than lamina extension (Mann & Kirkman  1981; de Bettignies et al.  2013). The segment of 

maximum biomass can be used as an estimate of the total potential biomass accumulated per unit 

of primary lamina length. To convert lamina extension into an estimate of biomass accumulation, 

the primary laminae was cut into 3-cm segments, taking care to cut above or below the base of 

secondary laterals. Each segment was weighed to determine the segment of maximum biomass. 

This was done on individuals collected in each season for photosynthetic measurements. The 

average biomass maximum for each site and each season was then used to calculate biomass 

accumulation using the following equation modified from Mann and Kirkman (1981):       

   

BA=
BM × HM

T × 3
 

 

where BA is biomass accumulation (g fw day-1), BM is the weight of the heaviest 3-cm lamina 

section (g), HM or “hole movement” is the total primary lamina extension (cm), and T is the time 

in days between sampling.  

To assess changes in stipe biomass, we applied an estimate of biomass per unit of stipe 

volume to changes in stipe volume (volume = π × stipe radius2 × stipe length) over time. Estimates 

of lamina and stipe BA were added together to give an estimate of total BA for each plant. To 

convert rates of biomass accumulation to units of carbon production, average percent carbon 

content of E. radiata laminae from each site in each season were applied to the data (see Appendix 

4.A for details on C content in E. radiata). In kelp, the stipe and laminae may contain very different 

C contents (Stephens & Hepburn  2016). Because the overwhelming majority of BA (> 95 % in 

most cases) originated from the laminae (see Appendix 4.B for details), the % C content from the 

laminae was applied to total BA estimates. 

 

4.2.4 Primary productivity model 

Photosynthesis-irradiance curves were obtained for E. radiata from the seven sites 

seasonally using photorespirometry chambers in the laboratory and methods described in detail by 

Rodgers et al. (2015). Details on methodology and the resulting P-E curves are described in detail 

in Chapter III. In short, seasonal measurements of E. radiata (n = 10-14) collected from 10-m depth 

at each site were carried out at the end of each season: August 2016 (winter), December 2016 

(spring), March 2017 (summer), June 2017 (autumn) and August 2017 (winter). Photosynthetic 

measurements were conducted at the Leigh Marine Laboratory using two replicate 
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photorespirometry chambers deployed simultaneously in two 200 L indoor tanks supplied with 

artificial lighting by three 500-W equivalent LED (6300 Lumen, Cree XM-L) lights above each 

tank. For each thallus, P-E curves were determined by measuring dark respiration (Rd) and net 

photosynthesis at five irradiance for 10-min duration each.  Rates of respiration and photosynthesis 

were calculated from the linear slope of oxygen concentration over the dark and light phases of the 

incubation period, respectively. For each individual a P-E curve was fitted, and P-E parameters 

derived, using R (R: A Language for Statistical Computing, 2013, R Foundation for Statistical 

Computing, Vienna, Austria) following Webb et al. (1974) 

 

P = Pmax · (1 – e-αE/Pmax) 

 

where P is the net photosynthetic rate at any photon flux density (E), Pmax is the maximum 

photosynthetic rate at saturating irradiances, α is the photosynthetic efficiency (i.e. the slope of the 

linear light-limited part of the curve), E = incident irradiance, and Rd = respiration rate. The 

saturation irradiance (Ek), which is the onset of light saturation estimated as Pmax/α, and 

compensation irradiance (Ec), the irradiance at which photosynthesis balances respiration estimated 

as Rd/α, were also calculated.  

 A physiologically-based model incorporating average photosynthetic performance 

measured from P-E curves, biomass, and irradiance was used to estimate NPP (g C g m-2 h-1) 

following the equation of Webb et al. (1974): 

 

NPP = (Pmax · (1 – e-αE/Pmax) - Rd) · b 

 

where Pmax is the gross photosynthetic rate at saturating irradiance calculated from P-E curves (g 

C g DW-1 h-1), α is the photosynthetic efficiency (i.e. the slope of the initial linear part of the curve 

describing the relationship between mass-specific GPP and irradiance at non-saturating irradiance), 

E = incident irradiance on the sea floor averaged over 1 h (µmol photons m-1 s-1), and b is the 

macroalgal standing crop (g dw lamina m-2). GPP was converted to NPP using mass-specific 

respiration rates Rd (g C g dw-1 h-1) measured in the dark during incubations. Oxygen evolution 

rates were converted to carbon using photosynthetic quotient of 1 (Rosenberg et al.  1995). Because 

P-E parameters were measured at the end of each season, net primary productivity (NPP) in each 

season was determined by averaging the productivity estimates based on parameters at the 

beginning and end of each season.   
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Kelp density for adult canopy-forming individuals at each site was estimated from 5 – 1-

m2 quadrats surveyed within E. radiata canopy at each site in each season. Biomass was 

extrapolated by multiplying the density of adults with the biomass of individuals used for P-E 

curves. In situ irradiance was recorded at each site over the duration of the study using calibrated 

integrating data loggers with cosine-corrected sensors (Odyssey Photosynthetic Irradiance 

Recording System, Dataflow Systems). Integrated photon flux density (PFD, µmol photons m-2 s-

1) was recorded every 5 minutes and used to calculate average hourly PFD. For details of logger 

calibration and PFD results, see Chapter III. 

 

4.2.5 Statistics 

To investigate the relationships between adult E. radiata density and total biomass m-2 and 

environmental variables (benthic irradiance, sea temperature, seawater nitrate + nitrite and 

ammonium concentrations, fetch, and C. flexuosum density) Distance Based Linear Models 

(DistLM) with BEST selection criteria were used. DistLM provides results for marginal tests, 

fitting each predictor variable individually, and conditional tests, which fits all variables used in 

the model sequentially (Anderson  2004). The univariate analyses were carried out on Euclidean 

distance matrices. The reduced Akaike’s Information Criterion (AICc) was used since 

environmental variables were limited to one average value per site. The statistical significance of 

multivariate analyses were tested on normalized data using 9999 permutations and a significance 

level of p = 0.05. Densities of C. flexuosum were excluded from BEST model selection due to the 

strong inverse correlation with E. radiata densities but were included in marginal tests. DistLM as 

described above were also used to investigate the relationship between annual BA and NPP per 

plant with environmental variables. 

For each methodology (i.e. BA or NPP), a two-way ANOVA with the factors Season and 

Site was used to investigate overall seasonal patterns of primary production rates across all sites. 

A two-way ANCOVA with the factors Method (fixed factor; BA or NPP) and Light (covariate; 

total daily irradiance at each site averaged annually) was used to investigate the overall difference 

between methodologies used to estimate daily primary production rates averaged annually. 

Regression analyses (Sokal & Rohlf  2012) were used to relate estimates of daily primary 

production rates in adult E. radiata to total daily irradiance for each method within each season 

and annually. All regressions were applied to the raw data. Homogeneity of the variance was 

verified by examining the distribution of the residuals and referring to Levene tests, whereas 

normality of the residuals was verified by examining the normal probability plot of the residuals 

and referring to the Shapiro-Wilk’s statistics (Snedecor & Cochran  1989). A significance threshold 
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of 0.05 was used for all statistical tests. Analyses were conducted with JMP 13.0.0 and Plymouth 

Routines in Multivariate Ecological Research (PRIMER) software, v7.0.13 in the case of DistLMs.  

 

4.3 Results 

4.3.1 Depth distribution of kelp vs turbidity 

 E. radiata was restricted to shallow water at the most turbid site with peak densities at 3 m 

depth (Appendix 4.C). The depth of peak density generally increased with light and then plateaued 

at ~12 m (Figure 4.1). The maximum depth of E. radiata (> 1 individual m-2) increased with light 

availability but at most high light sites the maximum extent was greater than 21 m and not 

quantified. Densities above 3 individuals m-2 have been observed at up to 40 m at the highest light 

sites (C. Blain and N. Shears, personal observations). The large fucoid C. flexuosum was most 

common at the two most turbid sites and dominated depths > 6 m at the most turbid site (Appendix 

4.C). At Site 3, C. flexuosum became dominant below 12 m, where E. radiata populations were 

greatly reduced. Densities of E. radiata and C. flexuosum were typically low at 3-m depths at all 

sites where sea urchin densities were high.  

 

4.3.2 Density and biomass of Ecklonia at 8-10 m depth  

Densities of E. radiata and C. flexuosum at 8-10 m depth at the study sites exhibited an 

inverse relationship (Figure 4.2 A). The density of adult E. radiata was lowest at the most turbid 

site where C. flexuosum dominated. At Site 3 (the second most turbid site), E. radiata and C. 

flexuosum occurred in evenly mixed stands. At all of the higher light sites, E. radiata was the 

dominant large brown algal species at 8-10 m depth and typically formed a mono-specific canopy. 

Overall, E. radiata canopy biomass was low at the two most turbid sites and appeared to plateau 

across the remaining sites with light levels greater than ~ 4 mol photons m-2 day-1 at c. 10-m depth. 

The density and biomass of adult E. radiata per m2 at 8-10 m depth was significantly related to C. 

flexuosum density, light, and seawater ammonium concentrations (Table 4.1). Model selection 

analysis indicated the best explanatory models for E. radiata densities were light and ammonium, 

either individually or combined (Table 4.2). The best explanatory model for E. radiata biomass m-

2 only included light, which explained 60% of the variation among sites.  

 

4.3.3 Seasonal variation in growth and net primary production  

There were clear differences in biomass accumulation (BA) among seasons, but this pattern 

varied between sites (Table 4.3; Figure 4.3). In general BA was highest in spring or summer, and 

lowest in autumn, with the exception of Site 4 where BA was lowest in winter. The seasonal pattern 
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in estimated NPP also varied among sites (Table 4.3). NPP was highest in summer across all sites, 

but lowest in autumn at the two inner most Gulf sites (Site 2 and 3) and winter at the remaining 

sites (Figure 4.3).  

BA per plant tended to increase with increasing light across the study sites, though this 

relationship was only significant in winter (Table 4.4; Figure 4.4). In contrast, NPP per plant 

showed significant positive relationships with light in each season (Table 4.4; Figure 4.4). BA was 

greater than NPP ~ 64 % of the time (Figure 4.5). In spring and winter, BA estimates were generally 

higher than NPP estimates. In contrast, NPP estimates were generally higher than BA in autumn 

and summer, and these differences were larger at low light sites.  

When BA was higher than NPP (mostly in spring and winter) this generally coincided with 

a high tissue nitrogen content (> 2%) (Figure 4.5). In contrast, when BA was less than NPP (mostly 

in summer and autumn) tissue nitrogen content was low.  

 

4.3.4 Annual estimates of primary production rates 

Only light was significantly related to annual BA and NPP per plant (Table 4.5). Light alone 

was also identified as the best explanatory model for BA, explaining 75% of variation (Table 4.6). 

The combination of light, seawater temperature, and fetch was identified as the best explanatory 

model for annual NPP per plant, explaining nearly 100% of the variation (Table 4.6), however light 

alone represented 94% of the variation (Table 4.5). 

Annual rates of primary production per plant (mg C plant-1 day-1) showed significant 

positive relationships with light, though these relationships differed between methods (Table 4.7; 

Figure 4.6 A). Estimates of BA at high light sites were up to 2.3 times greater than at low light 

sites, whereas NPP at high light sites was up to 5.1 times greater than low light sites. At the two 

most turbid sites, BA was higher than NPP, while at all other sites NPP was greater than BA. 

When scaled to estimates of primary production per m2 (g C m-2 day-1), the relationships of 

BA and NPP with light were similar (Table 4.7). Estimates of BA per m2 at high light sites were 

up to 9.2 times greater than at low light sites, whereas NPP per m2 at high light sites was up to 18.3 

times greater than low light sites (Figure 4.6 B). 
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Figure 4.1. Depth of peak Ecklonia radiata density and maximum depth limit of populations 

greater than 1 individual m-2 as a function of total daily irradiance averaged annually. The dashed 

line represents the maximum depth of sampling.  
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Figure 4.2. Relationship between mean (± SE) density of adult Ecklonia radiata and Carpophyllum 

flexuosum (A) and mean adult biomass (kg dw m-2) of E. radiata in summer (March/February 2017) 

(B) at the seven study sites with total daily irradiance (mol photons m-2 day-1) averaged over 

summer.  
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Table 4.1. Marginal test results performed by DistLM BEST selection describing the influence of 

individual environmental variables on Ecklonia radiata density and total adult biomass per m-2. 

Bold values indicate significance. 

Variable SS (trace) Pseudo-F p Proportion 

     

Density     

Light 4.90 22.37 0.0058 0.82 

C. flexuosum density 4.60 16.50 0.0070 0.77 

Ammonium 4.64 13.34 0.014 0.73 

Nitrate & Nitrite 2.13 2.75 0.16 0.36 

Fetch 2.00 2.51 0.18 0.33 

Temperature 0.098 0.083 0.78 0.016 

     

Biomass     

C. flexuosum density 4.18 11.46 0.013 0.70 

Light 3.61 7.58 0.041 0.60 

Ammonium 2.81 4.40 0.094 0.47 

Nitrate & Nitrite 1.79 2.12 0.21 0.30 

Fetch 0.62 0.58 0.47 0.10 

Temperature 0.031 0.026 0.86 0.005 
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Table 4.2. Ten best models describing the influence of environmental variables on Ecklonia 

radiata as selected by DistLM BEST analysis using AICc selection criterion. The bold values 

indicate the overall best models as designated by a separation of ≥ 2 AICc units from the next best 

model. 

No. of variables Variables AICc r2 RSS 

     

Density     

1 Light -5.98 0.82 1.10 

2 Light + NH4
+ -4.96 0.92 0.47 

1 NH4
+ -3.18 0.73 1.64 

2 Light + Temperature 0.05 0.84 0.95 

2 Light + NOx 0.49 0.83 1.02 

2 Light + Fetch 0.83 0.82 1.07 

2 NOx + NH4
+ 2.40 0.78 1.34 

2 NH4
+ + Fetch 2.56 0.78 1.37 

1 NOx 2.84 0.36 3.87 

1 Fetch 3.08 0.33 4.00 

     

Biomass     

1 Light -0.54 0.60 2.39 

1 NH4
+ 1.50 0.47 3.19 

1 NOx 3.45 0.30 4.21 

2 Light + Fetch 4.64 0.69 1.84 

1 Fetch 5.16 0.10 5.38 

2 Light + NH4
+ 5.62 0.65 2.11 

1 Temperature 5.88 0.005 5.97 

2 Light + Temperature 5.93 0.63 2.21 

2 Light + NOx 6.11 0.62 2.27 

2 NOx + NH4
+ 7.58 0.53 2.80 
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Table 4.3. Summary of two-way ANOVAs (applied to square-root transformed data) examining 

differences in daily primary production estimates among sites (fixed factor: seven sites) at and 

season (fixed factor: four seasons). 

Source of variation df MS F-value p 

     

BA (mg C plant-1 day-1)     

Season 3 827.73 597.23 <0.0001 

Site 6 366.85 264.23 <0.0001 

Season × Site 18 35.27 25.45 <0.0001 

Error 426 1.40   

Corrected total 453    

     

NPP (mg C plant-1 day-1)     

Season 3 7591.99 728.87 <0.0001 

Site 6 1344.28 129.01 <0.0001 

Season × Site 18 121.53 11.66 <0.0001 

Error 2125 10.42   

Corrected total 2152    
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Figure 4.3.  Mean (± SE) daily biomass accumulation and net primary production of Ecklonia 

radiata from seven study sites averaged seasonally (n = 7-9 and 90-92 for each bar, representing 

BA and NPP respectively).  
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Table 4.4. Results of linear regression analyses (applied to raw data) examining the relationship 

between primary production rates and total daily irradiance (x, mol photons m-2 day-1) for each 

season.  

Variable Equation r2 F p 

     

mg C plant-1 day-1     

BA     

Spring  54.17 + 34.67 x 0.42 3.56 0.12 

Summer  88.94 + 19.06 x 0.16 0.93 0.38 

Autumn 9.35 + 5.04 x 0.38 3.02 0.14 

Winter  -122.62 + 148.02 x 0.91 50.69 0.0008 

     

NPP     

Spring -10.90 + 38.28 x 0.84 26.75 0.0035 

Summer -102.31 + 69.21 x 0.85 28.48 0.0031 

Autumn -102.44 + 65.60 x 0.98 253.44 <0.0001 

Winter -28.93 + 45.48 x 0.88 36.74 0.0018 
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Figure 4.4. Relationships of mean (± SE) daily primary production rates of Ecklonia radiata from 

seven study sites in four seasons as a function of total daily irradiance (mol photons m-2 day-1). 

Solid and dashed lines are the linear regression fits of mean values for BA and NPP estimates, 

respectively, in each season (p < 0.5; n = 7) (See Table 4.4 for details). 
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Figure 4.5. Absolute difference between mean seasonal estimates of BA and NPP at each site as a 

function of % N content in Ecklonia radiata lamina tissues. Each point in the plot represents the 

site average for a given season.  
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Table 4.5. Marginal test results performed by DistLM BEST selection describing the influence of 

individual environmental variables on annual rates of BA and NPP per plant. Bold values indicate 

significance. 

Variable SS (trace) Pseudo-F p Proportion 

     

BA     

Light 4.50 14.98 0.016 0.75 

Ammonium 3.49 6.96 0.055 0.58 

Nitrate & Nitrite 2.40 3.34 0.12 0.40 

Fetch 1.02 1.02 0.35 0.17 

Temperature 0.66 0.62 0.44 0.11 

     

NPP     

Light 5.65 80.62 0.0006 0.94 

Fetch 2.65 3.95 0.098 0.44 

Ammonium 2.54 3.68 0.11 0.42 

Temperature 1.45 1.60 0.28 0.24 

Nitrate & Nitrite 1.29 1.37 0.30 0.21 
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Table 4.6. Ten best models describing the influence of environmental variables on annual rates of 

BA and NPP per plant as selected by DistLM BEST analysis using AICc selection criterion. The 

bold values indicate the overall best models as designated by a separation of ≥ 2 AICc units from 

the next best model. 

No. of variables Variables AICc r2 RSS 

     

BA     

1 Light -3.78 0.75 1.50 

1 NH4
+ -0.18 0.58 2.51 

2 Light + Fetch 0.95 0.82 1.09 

2 Light + NH4
+ 1.45 0.81 1.17 

2 Light + NOx 2.20 0.78 1.30 

1 NOx 2.34 0.40 3.60 

2 Light + Temperature 3.08 0.76 1.47 

2 Temperature + NOx 3.96 0.72 1.67 

1 Fetch 4.62 0.17 4.98 

2 NOx + NH4
+ 4.95 0.68 1.92 

     

NPP     

3 Light + Temperature + Fetch -19.39 1.00 0.0080 

2 Light + Temperature -16.31 0.98 0.092 

1 Light -13.96 0.94 0.35 

2 Light + NOx -7.95 0.95 0.30 

2 Light + NH4
+ -6.98 0.94 0.35 

2 Light + Fetch -6.98 0.94 0.35 

3 Light + Temperature + NOx -3.67 0.99 0.076 

3 Light + Temperature + NH4
+ -2.33 0.98 0.092 

2 Temperature + Fetch 1.31 0.81 1.14 

1 Fetch 1.84 0.44 3.35 
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Table 4.7. Summary of two-way ANCOVAs (applied to raw data) examining differences in daily 

primary production estimates averaged annually (fixed factor: Method) at seven study sites 

(covariate: Light). 

Source of variation df MS F-value p 

     

mg C plant-1 day-1     

Light 1 21908.46 78.52 <0.0001 

Method 1 379.05 1.36 0.27 

Light × Method 1 2395.72 8.59 0.015 

Error 10 279.00   

Corrected total 13    

     

g C m-2 day-1     

Light 1 5.97 38.42 0.0001 

Method 1 0.070 0.45 0.52 

Light × Method 1 0.13 0.87 0.37 

Error 10 0.16   

Corrected total 13    

     

 

 



  Chapter IV 

 

95 

 

 

 

Figure 4.6. Relationships of mean (± SE) daily carbon production rates per plant (A) or per unit 

area (B) averaged annually of Ecklonia radiata from seven study sites as a function of total daily 

irradiance (mol photons m-2 day-1) averaged annually. Solid and dashed lines are the linear 

regression fits of mean values for BA and NPP estimates, respectively (n = 7). 
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4.4 Discussion 

 The current study has taken important steps to understanding the effects of turbidity on kelp 

forest health and productivity. Results indicated that the vertical distribution of Ecklonia radiata 

populations in the inner Gulf, where light was c. 37 % of that at outer Gulf sites, was restricted and 

primary production was greatly reduced. At the study depth (8-10 m), the density and canopy 

biomass of E. radiata were substantially lower at the two most turbid sites, where the fucoid 

Carpophyllum flexuosum dominated. Estimates of BA and NPP were distinctly uncoupled in each 

season, likely as a result of nitrogen availability, yet when assessed annually both BA and NPP 

were positively related to light. At inner Gulf (low light) sites, BA was somewhat higher than NPP 

however, at outer Gulf (high light) sites, NPP was greater than BA. The evidence presented here 

suggests that E. radiata at low light sites of the inner Gulf are limited by their lower potential 

productivity, whereas at high light sites growth may be limited by nitrogen availability.  

 

4.4.1 Distribution and density 

 The vertical distribution of E. radiata was restricted to shallower depths at the most turbid 

sites in the inner Hauraki Gulf. A distinct shift in the depth at which peak canopy density occurs 

(from 12 to 3 m) and a decline in the maximum depth limit of E. radiata (from greater than 21 m 

to 12 m depth) was observed at the lowest light sites where total daily irradiance averaged annually 

was less than c. 2.5 mol photons m-2 day-1. Furthermore, the transition from predominately 

monospecific E. radiata forests at the five highest light sites to a fucoid dominated canopy at the 

lowest light sites suggests that C. flexuosum may be more tolerant to low light than E. radiata. This 

transitional pattern of decreasing E. radiata and increasing C. flexuosum populations as you move 

into the Gulf has previously been attributed to the sheltered conditions and/or enhanced turbidity 

in the inner Gulf (Grace  1983; Shears & Babcock  2007). Grace (1983) noted that the vertical 

distributions of E. radiata from the outer to inner Hauraki Gulf were presumably driven by light 

(an interaction between depth and water clarity), though this relationship was not directly 

investigated. He reports E. radiata populations restricted to 1-2 m in the most turbid sites of the 

inner Gulf (e.g. Waitemata Harbour) and up to 55 m at the Poor Knights Islands of the outer Hauraki 

Gulf, where water clarity is high. At high light sites in the current study the absolute maximum 

depth of occurrence was not recorded due to either the limitation of suitable substrate (i.e. rocky 

reef) for E. radiata attachment or the restricted sampling depth of 21 m. However, populations of 

E. radiata have been observed at greater than 40 m depth at the highest light sites (C. Blain, 

personal observations).  
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The current study is unique in that wave exposure and reef extent was similar among sites 

(Chapter II) and a constant depth was sampled across all sites, thus the relationship of E. radiata 

and C. flexuosum densities with light could be more directly assessed. The transition of E. radiata 

dominated forests to C. flexuosum forests at 8-10 m depth at the two most turbid sites suggests that 

light may be an important driver of the vertical distribution of interspecific competition of these 

two species under similar wave environments. This was supported by the multivariate analyses 

where light was a primary driver of both E. radiata canopy densities and biomass. Density and 

biomass of E. radiata populations at 8-10m depth tended to peak at the five highest light sites, 

which was also observed in the previous year (Chapter II). The results of this study provide 

quantitative evidence that low light is the primary driver of reduced vertical extent and density of 

E. radiata at inner Gulf locations.  

 

4.4.2 Growth and biomass accumulation 

Seasonal patterns of tissue production (BA) were variable among sites. In general, BA rates 

peaked in spring or summer and declined in autumn and winter. This seasonal pattern is consistent 

with measurements of biomass accumulation and standing stock estimates for other kelp (Mann  

1973; Chapman & Craigie  1978; Kirkman  1984; Miller et al.  2011b). Accumulation of biomass 

was primarily driven by the growth of laminae, as changes in stipe biomass were nearly negligible 

across all sites and seasons (Appendix 4.B). It may be that once a canopy is fully established, adult 

E. radiata put little to no energy into the vertical growth of the stipe whereas, young canopies (less 

than c. 2 years age) put more energy into extending stipe length in order to out-compete neighbours 

for light (Novaczek  1984, Chapter II). The proportionately high contribution of the laminae to BA 

attests to the importance of the photosynthetically active laminae in maintaining metabolic and 

physiological processes in E. radiata. Allocating a high proportion of assimilated carbon into the 

laminae is an important strategy for E. radiata under light-limiting conditions. 

Annual estimates of BA were positively related to light, with BA being ~70% higher at the 

high light site than low light sites. However, this relationship was not evident across seasons. This 

suggests that, though light may be an important driver of total growth annually, the production of 

tissues seasonally may be influenced by additional environmental factors such as temperature and 

nutrients. However in many cases, despite having less available benthic irradiance, adult E. radiata 

at inner Gulf sites maintained similar rates of biomass accumulation and similar overall lamina 

biomass (Chapter III) as those at outer Gulf (high light) sites. The similarity in biomass 

accumulation for E. radiata across the Hauraki Gulf suggests there may be a minimal light level 

required for growth of adult canopy plants in north-eastern New Zealand. Again, because the 
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lamina is the major photosynthetic portion of the thallus, maintaining an optimal lamina size for 

maximizing photosynthetic efficiency while reducing costs associated with tissue maintenance and 

mechanical stressors has obvious benefits for the survival of individuals (Givnish  1988).  

   

4.4.3 NPP 

 Estimates of NPP showed distinct seasonal patterns across all sites with highest productivity 

occurring in summer and lowest productivity occurring in winter. In the physiological model used 

to estimate NPP, estimates are heavily influenced by incident irradiance and the photosynthetic 

parameters Pmax and α (Rodgers & Shears  2016). Not only was benthic irradiance highest in 

summer across all of the study sites, the maximum rate of photosynthesis (Pmax) of E. radiata was 

also high in summer (Chapter III). In contrast, low estimates of NPP in winter corresponded with 

the lowest seasonal benthic irradiance and the lowest values of Pmax for E. radiata at each site. 

Similar seasonal patterns of NPP have been observed in other populations of E. radiata from New 

Zealand (Rodgers & Shears  2016) and Australia (Cheshire et al.  1996), as well as in other kelps 

including Saccharina latissima (previously known as Laminaria saccharina) (Gevaert et al.  2002), 

L. longicruris (Hatcher et al.  1977), and Macrocystis pyrifera (Miller et al.  2011a). Seasonal 

estimates of NPP for E. radiata at high light sites in the current study were similar to that reported 

for E. radiata populations at Goat Island, a site close to Site 6 of the current study (Rodgers & 

Shears  2016). Estimates of NPP at low light sites were however lower than productivity estimates 

reported by Rodgers and Shears (2016). Seasonal estimates of NPP in the current study were lower 

than that reported for juvenile E. radiata from South Australia (Fairhead & Cheshire  2004a), which 

may reflect the differences in growth strategies and morphologies (i.e. surface area to volume 

ratios) between juvenile or small adults and established adults (Smith et al.  1983; Rodgers et al.  

2015, C. Blain personal observations). Indeed, higher photosynthetic rates and photosynthetic 

efficiency of juvenile E. radiata in the aforementioned study compared with adults in the current 

study are a likely driver of the differences in productivity. 

Annual rates of NPP on a per plant basis ranged from ~ 0.5 (low light) to 1.3 (high light) g 

C g-1 dw year-1. These estimates are somewhat lower than that reported for L. longicruris from 

Nova Scotia (1.36 g C g-1 dw year-1, Hatcher et al.  1977) and juvenile E. radiata from West Island, 

southern Australia from a similar depth (~1.8 g C g-1 dw year-1, Fairhead & Cheshire  2004a). When 

converted to units per m2, estimates of NPP in the current study ranged from 0.13 g C m-2 day-1 at 

Site 2 to 2.32 g C m-2 day-1 at Site 8. Thus, productivity estimates of E. radiata at high light sites 

were similar or higher than those reported by Rodgers and Shears (2016) for adult E. radiata from 

Goat Island in 2012 to 2013 (~1.4 g C m-2 day-1 averaged across 6 and 14 m depth). Likewise, 
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upper estimates of NPP in the current study were similar, and in some cases higher, than those 

reported by Miller et al. (2011a) for M. pyrifera (1.8 g C m-2 day-1), and the median published value 

for macroalgae (~ 1.5-2 g C m-2 day-1) (Duarte & Cebrián  1996). 

Annual NPP per plant at the highest light site (Site 9) was 5.1 times greater than NPP at the 

lowest light site (Site 2). While E. radiata from low light sites showed clear signs of 

photoacclimation, as demonstrated by higher photosynthetic efficiency (α) and photosynthetic 

pigment levels (Chapter III), lower overall light availability resulted in considerably lower NPP. It 

is important to note that measuring P-E curves under laboratory conditions often results in lower 

Pmax than those measured in situ which may result in lower estimates of NPP (Rodgers et al.  2015). 

Because of the difficulties surrounding the use of photorespirometry chambers in situ (i.e. the need 

for optimal field conditions and adequate light to get maximum rates of photosynthesis), 

measurements of P-E curves in situ were only able to be carried out in summer. Values of Pmax 

measured under laboratory conditions were c. 65 (high light site) to 96 % (low light site) of that 

measured in situ (Chapter III). The use of in situ derived photosynthetic parameters resulted in 

summer time estimates of NPP that were up to 1.4 times greater for outer Gulf sites, whereas 

estimates of NPP at the two inner-most Gulf sites were similar regardless of the method used 

(Appendix 4.D). Therefore, the gradient of NPP from the inner to outer Gulf sites is likely to be 

larger than that estimated based on lab-based photosynthetic measurements.   

 Estimates of NPP on a per area basis were c. 17 times higher at high light sites compared 

to low light sites.  This was a considerably larger effect than that seen for biomass, which was up 

to 8 times higher at high light sites and demonstrates that NPP does not scale proportionally with 

biomass. This contrasts with the findings of Rodgers and Shears (2016) who reported that both 

biomass and NPP were c. 1.6 times higher at 6m compared to 14 m depth. The similar magnitude 

of effect was attributed to the acclimation of kelp to low light at 14 m depth (higher alpha and Pmax 

compared to 6m), which effectively compensated for the reduced irradiance at 14 m. In the present 

study, while there was some photosynthetic acclimation at low light sites, this was not sufficient 

for the limited light availability and this translated into proportionally greater differences in NPP 

between low and high light sites. This suggest that biomass alone is not a good proxy for NPP 

across the turbidity gradient.   

 

4.4.4 BA vs NPP 

 Growth and productivity exhibited differing seasonal patterns across sites indicating that 

tissue growth is not necessarily coupled with photosynthetic output. Photosynthesis, and thus NPP, 

are heavily influenced by light availability (Kirk  2011; Rodgers & Shears  2016), whereas tissue 
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production (BA) is often restricted by many other environmental variables (Novaczek  1984; 

Larkum  1986; Kirkman  1989; Miller et al.  2011b; Bearham et al.  2013). In some seasons, 

typically winter and spring, tissue production exceeded estimated NPP. This can occur when plants 

use stored carbon in addition to carbon being directly assimilated through photosynthesis. Excess 

carbon produced through photosynthesis in high light seasons, when growth may be limited by 

other resources such as nitrogen, can be stored in the form of polysaccharides (e.g. laminaran and 

mannitol) and used for growth during periods of low photosynthesis, i.e. winter (Hatcher et al.  

1977; Chapman & Craigie  1978; Dunton & Schell  1986).  

In this study, the relative difference between BA and NPP was related to the content of 

nitrogen in tissues. In winter and spring, seasons with ample seawater nutrients (namely NH4
+), the 

% N content of E. radiata was typically greater than 2%. This is a recognized threshold of nitrogen 

saturation in macroalgae, below which growth becomes limited (Gerard  1982b). In seasons where 

E. radiata had high tissue nitrogen content, all effort (and carbon) appeared to be put into growth 

and observed BA exceeded estimated NPP. In contrast, when N was limiting (summer and autumn) 

and % N content was < 2, BA was typically less than NPP suggesting that plants were allocating 

proportionally less of the carbon assimilated through photosynthesis to growth. Consequently, 

fixed carbon must be lost from the kelp during these periods. Given, that BA incorporates loss of 

distal tissue, one possibility is that carbon is lost as dissolved organic carbon (DOC), which is not 

accounted for in BA estimates unless it too is lost only from the distal portions of the thallus. In 

contrast, if DOC release occurs from all tissues, then it is not accounted for in BA estimates. 

 This imbalance between seasonal estimates of BA and NPP has also been observed in other 

populations of E. radiata. Fairhead and Cheshire (2004a) noted differences in BA as a percentage 

of NPP ranging from 11.4 (autumn) to 128.2 % (winter), in E. radiata populations from 10 m at 

Abalone cove, West Island South Australia. The same study also found that the proportion of 

photosynthetically assimilated carbon allocated to biomass was substantially lower at 3 m depth 

compared with 10 m with average BA ranging from 4.9 (3 m) to 41.1% (10 m) of NPP. Averaged 

across sites, BA as a percentage of NPP in the current study ranged from < 21 to 188 % from 

autumn to winter, respectively, which is comparable to the results of Fairhead and Cheshire 

(2004a). Likewise, annual estimates of BA as a percentage of NPP were generally low at the five 

highest light sites ranging from 41 (Site 9) to 80 % (Site 8) and exceeded NPP estimates at the two 

lowest light sites (108 and 178 % at Sites 3 and 2, respectively). The results of both studies suggest 

that under low light conditions (i.e. greater depths, darker seasons, or greater turbidity), all of the 

carbon assimilated via photosynthesis is allocated to growth. 
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Given that average annual NPP was higher than BA at the five highest light sites, this 

suggests there is an annual surplus of carbon derived from photosynthesis at high light sites. Further 

research is needed to quantify the production and fate of this carbon. Excess carbon may be used 

to enhance the structural integrity of tissues, secondary metabolic production, or reproductive 

output. Alternatively, photosynthetically derived carbon not used for growth may also be lost as 

DOC as discussed above, which has been shown to occur in nutrient limited phytoplankton 

(Berman-Frank & Dubinsky  1999). In populations where apparently all photosynthetically 

assimilated carbon is allocated to growth, such as those at inner Gulf sites, seasonal and annual 

deficits of stored carbon and reductions in reproductive potential may have negative implications 

for populations. Though able to sustain growth under current conditions, these populations may 

also be more vulnerable to further declines in light and increases in other anthropogenic stressors.  

 

4.4.5 Conclusions 

Understanding how the distribution, growth and productivity of kelp is affected by reduced 

light is crucial to fully comprehending the ecological significance of increasing turbidity on coastal 

primary production. The current study has taken important steps to understanding the effects of 

turbidity on the growth and production of E. radiata populations of north-eastern New Zealand. 

The results highlight the significance of benthic irradiance as a driver of the distribution and 

primary production of subtidal canopy-forming kelp. Though adult E. radiata were able to sustain 

somewhat similar lamina growth and biomass across the study sites, limited potential productivity, 

as indicated by low NPP estimates at low light sites, may suggest these populations are more 

vulnerable to further declines in light and other stressors. Furthermore, substantially reduced 

biomass and productivity of E. radiata at the lowest light sites in the inner Hauraki Gulf may 

suggest an ecological threshold whereby the ecosystem shifts from kelp to fucoid-dominated. Not 

only does this shift have implications for the overall primary production of subtidal rocky reefs in 

the inner Gulf, the change in species dominance may adversely alter ecosystem functioning and 

biodiversity. The results of this study underscore the potential adverse effects of increasing 

turbidity and decreasing light on coastal ecosystems.  
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Appendix 4.A 

 

Carbon and nitrogen content of Ecklonia radiata 

Upon each seasonal site visit, one 2.5-cm diameter disk was cut from the basal secondary lamina of five randomly selected adult Ecklonia 

radiata. Tissues were stored cold and in darkness until return to the Leigh Marine Laboratory where seasonal samples from each site were cleaned of 

epiphytes using 10 % HCl solution, dried at 60°C for 48 h, and then ground with a mortar and pestle to a fine powder. Tissue powder from the five 

samples from each site were combined into one sample and sent offsite for analyses at the Isotrace chemistry laboratory of Otago University, New 

Zealand. 

 

 

Table 4.A1. Percent carbon and nitrogen content (w/w) and C:N molar ratio of Ecklonia radiata collected from seven study sites in the Hauraki Gulf 

from spring 2016 to winter 2017.  

Season Site 2 Site 3 Site 4 Site 5 Site 6 Site 8 Site 9 

        

Carbon % w/w        

Spring 2016 38.35 36.41 37.19 35.90 37.76 35.27 37.33 

Summer 16-17 37.72 37.03 34.90 33.54 39.88 34.78 36.63 

Autumn 2017 34.67 35.50 34.52 30.95 36.53 32.75 32.82 

Winter 2017 33.27 32.93 33.07 31.93 34.02 32.23 31.85 

        

Nitrogen % w/w        

Spring 2016 2.49 2.06 1.89 2.13 2.78 2.38 2.62 

Summer 16-17 1.60 1.96 1.53 0.85 1.75 1.75 1.21 

Autumn 2017 2.11 1.89 1.82 1.84 1.65 1.73 1.74 

Winter 2017 2.55 2.25 1.73 1.99 2.47 2.57 2.10 
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C:N molar ratio        

Spring 2016 18.71 20.32 21.84 20.45 17.17 17.16 17.31 

Summer 16-17 25.99 22.75 26.19 40.58 25.99 22.67 33.02 

Autumn 2017 18.65 20.30 22.22 20.43 24.11 20.84 20.95 

Winter 2017 15 17.13 21.23 18.56 15.99 15.17 18.00 
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Appendix 4.B 

 

 

Table 4.B1. Mean (± SE) biomass accumulation (mg fw plant-1 day-1) of the stipe and lamina of 

Ecklonis radiata from each of the seven study sites seasonally and lamina BA expressed as a 

percentage of total BA.  

Season Site Stipe BA Lamina BA Total BA Lamina BA as a 

percentage of 

Total BA 

      

Spring 2 16 ± 7 2040 ± 82 2056 99 

 3 18 ± 7 1135 ± 74 1154 98 

 4 15 ± 6 1661 ± 46 1676 99 

 5 26 ± 6 3767 ± 173 3792 99 

 6 33 ± 8 2686 ± 180 2720 99 

 8 29 ± 8 3222 ± 208 3250 99 

 9 20 ± 5 3698 ± 270 3719 99 

      

Summer 2 4 ± 3 2665 ± 130 2670 100 

 3 21 ± 8 2247 ± 208 2268 99 

 4 25 ± 6 2361 ± 116 2386 99 

 5 33 ± 8 2261 ± 108 2294 99 

 6 85 ± 19 3540 ± 261 3625 98 

 8 115 ± 19 5426 ± 314 5541 98 

 9 39 ± 13 2566 ± 115 2604 99 

      

Autumn 2 37 ± 18 57 ± 29 94 61 

 3 10 ± 4 365 ± 77 375 97 

 4 29 ± 12 478 ± 54 507 94 

 5 6 ± 4 719 ± 16 726 99 

 6 7 ± 3 379 ± 58 386 98 

 8 33 ± 11 544 ± 77 577 94 

 9 6 ± 4 426 ± 65 432 99 

      

Winter 2 4 ± 2 332 ± 39 337 99 

 3 3 ± 2 537 ± 56 540 99 

 4 7 ± 4 696 ± 64 704 99 

 5 3 ± 2 558 ± 74 561 99 

 6 59 ± 18 1052 ± 100 1110 95 

 8 40 ± 14 1444 ± 207 1484 95 

 9 6 ± 6 2671 ± 179 2677 100 
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Appendix 4.C 

 

Depth distributions 

 

Figure 4.C1. Mean (± SE) Ecklonia radiata (solid circles), Carpophyllum flexuosum (open 

circles), and urchin density (grey triangles) at 3-m depth increments from three to 21-m depth at 

seven sites along a turbidity gradient in the Hauraki Gulf.  
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Appendix 4.D 

 

Scaling estimates of NPP to P-E curves measured in situ 

 Due to time constraints associated with obtaining full P-E curves for individuals in the field, 

we conducted all photosynthetic measurements in the laboratory. It has been shown that P-E curves 

derived from laboratory measurements using artificial light can lead to low estimates of 

photosynthetic output (Rodgers et al.  2015). Thus, using photosynthetic parameters derived from 

laboratory photorespirometry measurements in the productivity model may lead to underestimates 

of NPP. To estimate how this may have affected the results of this study, nine E. radiata were 

incubated in situ at each of the seven study sites using methods described in detail in Chapter II. In 

situ measurements were conducted in February/March (summer) 2017 at the time of seasonal E. 

radiata collections and measurements. The photosynthetic parameters from in situ and laboratory 

measurements were applied to the physiological model of NPP described above along with summer 

biomass and light data. A ratio of in situ:laboratory derived productivity estimates was obtained. 

At the two lowest light sites, estimates of NPP were similar however, at the high light sites NPP 

derived from in situ measurements were 1.2 to 1.4 times greater than those derived from laboratory 

measurements (Figure 4.D1).   
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Figure 4.D1. Estimates of summer NPP derived from in situ P-E measurements as a proportion of 

NPP estimates derived from the corresponding summer laboratory P-E measurements. The solid 

line represents the regression fit to the proportions at each site as a function of total daily irradiance. 
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CHAPTER V 

The response of canopy-forming macrophytes to low light stress: evidence of 

differential effects of press vs pulse disturbance 

 

5.1 Introduction  

Light available to benthic primary producers is naturally variable due to a combination of 

biological, oceanographic, meteorological, and anthropogenic processes (Kirk  1985; Davies-

Colley & Smith  2001; Seers & Shears  2015). High variability in underwater light elicits the need 

for macroalgae to employ acclimation strategies in order to cope with changes in light availability 

(Falkowski & LaRoche  1991; Henley  1993; Kirk  2011). Such strategies include cellular and 

morphological adjustments that enhance the capture and utilization of photons while limiting 

damage from over-saturation (Falkowski & LaRoche  1991; Kirk  2011). Despite this incredible 

plasticity, macroalgae are inevitably limited by the minimum light levels required to meet the 

metabolic requirements of that macroalga (Hanelt & Figueroa  2012). Indeed, as a critical driver of 

productivity, decreases in benthic light has consequences for the physiological performance and 

distribution of primary producers (Airoldi & Cinelli  1997; Pehlke & Bartsch  2008; Shepherd et 

al.  2009; Clark et al.  2013; Derrien-Courtel et al.  2013; Huovinen & Gómez  2013). 

Water clarity, or turbidity, is affected by the scattering of light by fine particles such as 

suspended sediments, phytoplankton, coloured dissolved organic matter (gelbstoff), and other 

microscopic organisms (Kirk  1985; Davies-Colley & Smith  2001). In particular, decreased water 

clarity in coastal environments can be attributed to run-off of sediments from the land due to heavy 

rainfall (Hickman  1979; Nash  1994; Jing & Ridd  1996), resuspension of sediments in the coastal 

zone by wind, waves and currents (Larcombe et al.  1995; Jing & Ridd  1996; Storlazzi et al.  2009; 

Fabricius et al.  2013), and phytoplankton blooms associated with eutrophication (Smith  2003; 

Schindler  2006). Anthropogenic activities such as deforestation, farming, and coastal urban 

development, along with predicted sea level rise and increased storm activity in the future, may 

exacerbate degradation in water clarity (Thrush et al.  2004; Syvitski et al.  2005; Klein et al.  2012; 

Fabricius et al.  2014). The interactions between natural and anthropogenic drivers of turbidity may 

result in short-term pulses of extreme low light, such as those caused by rapid influxes of 

terrigenous matter following heavy rain or resuspension of sediments during storms, or a steady-

state reduction in benthic irradiance caused by gradual coastal erosion and accumulation of fine 

sediments in the coastal environment (Thrush et al.  2004; Oberle et al.  2014; Seers & Shears  

2015). Though both may ultimately result in the limitation of light to benthic primary producers, 
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the differences in temporal light delivery may have differential effects on macroalgal communities. 

Despite this, relatively little is known about how the frequency and magnitude of low light 

limitation affects macroalgal populations.  

Due to natural variations in the light environment there is extensive knowledge of the 

response of macroaglae to changes in light availability (Falkowski & Raven  2007; Kirk  2011). 

These studies have typically involved the investigation of the response of algae to steady-state light 

environments (such as between different depths) or the effect of total quantum dose, which do not 

incorporate the temporal variability of light (Chapman & Burrows  1970; Aumack et al.  2007; 

Desmond et al.  2015; Smale et al.  2016). However, it has been shown that a dynamic light supply 

can influence the physiological performance and productivity of macroalgal species (e.g. 

Dromgoole  1987, 1988; Kübler & Raven  1996; Desmond et al.  2017). Previous studies 

investigating the effects of dynamic light environments on macroalgae have focused almost 

exclusively on the influence of light flecks and/or wave-induced light-variation at or near saturating 

irradiances on macroalgal photoinduction and photoinhibition (but see Desmond et al.  2017). Less 

explored is how the temporal delivery of light under light-limiting conditions affects 

photoacclimation and productivity of macraoalgae. Understanding the effects of acute vs chronic 

low light disturbances on benthic primary producers will be important for accurately assessing the 

impacts of turbidity on macroalgal communities now and in the future. Furthermore, differential 

effects of light delivery on different species may elicit competitive dominance of certain species 

and change community structure.   

In many areas of New Zealand increased sediment runoff has been recognized as a 

fundamental threat to coastal ecosystems (Goff  1997; Hayward et al.  2006; Seers & Shears  2015). 

Turbidity has been shown to be a major determinant of benthic community structure on shallow 

coastal reefs (Shears and Babcock 2007). In northeastern New Zealand monospecific stands of the 

stipitate kelp Ecklonia radiata typically dominate subtidal reefs at depths greater than c. 5m (Choat 

& Schiel  1982; Shears & Babcock  2004). However, at sheltered and/or turbid locations in 

northeastern New Zealand the large fucoid Carpophyllum flexuosum can become dominant and 

form extensive forests (Chapters II and IV, Grace  1983; Shears & Babcock  2004). These distinct 

distributional patterns suggest that C. flexuosum is more tolerant of low light environments and 

perhaps has a competitive advantage over kelp at turbid locations.  Currently, there is a lack of 

knowledge on how productivity compares between these two important canopy-forming species, 

and whether differential responses to reduced light facilitate the dominance of one species over 

another.  
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The aim of this study was two-fold; (1) to compare the response of E. radiata and C. 

flexuosum to low light conditions, and (2) to investigate whether differences in the temporal 

distribution of low light disturbances affect the physiological performance and productivity of these 

two habitat-forming brown algae differentially. Firstly, a light intensity mesocosm experiment was 

used to compare the tolerance of E. radiata and C. flexuosum to steady-state low light conditions. 

Secondly, a press (i.e. moderate, steady-state reduction in light) vs pulse (i.e. short and intermittent 

periods of extreme low light) mesocosm experiment was used to assess the effects of low light 

disturbances applied at different frequencies and magnitudes on the performance of E. radiata and 

C. flexuosum. In both experiments, changes in biomass and photosynthetic-irradiance response 

were monitored to assess the effect of different light regimes on the two species. These 

measurements were incorporated into a physiological model of net primary production (NPP) in 

order to understand the ecological implications of relative changes in biomass and 

photoacclimation response. Due to the dominance of C. flexuosum in turbid environments, it was 

hypothesized that C. flexuosum would show greater acclimation and higher productivity under low 

light conditions than E. radiata.  

 

5.2 Materials and methods 

5.2.1 Study site 

 This study was carried out with Ecklonia radiata and Carpophyllum flexuosum sporophytes 

collected at depths of 5-7 m from Leigh, north-eastern New Zealand (36° 41.371’ S, 174° 58.048’ 

E). The collection site has relatively clear water with an average daily photon flux density (PFD) 

in summer of c. 6.5 mol photons m-2 or 18 % of surface irradiance (see Chapters II and III for 

details). At this site E. radiata and C. flexuosum co-occur at 5-7 m depth allowing both species to 

be collected from the same light environment. E. radiata at this depth are characterized by short 

stipes (~15-20 cm) and long primary laminae (~20-25 cm). Adult C. flexuosum at the collection 

site reach total lengths of up to 50 cm. Note that monospecific stands of E. radiata with longer 

stipes (~1 m) dominate the reef at deeper depths. 

 

5.2.2 Light intensity experiment 

The first mesocosm experiment was used to investigate the relative effects of decreasing 

light availability on the growth, photosynthetic performance, and productivity of E. radiata and C. 

flexuosum. Adult sporophytes were exposed to four different light treatments from 19 September 

to 19 October, 2016. Eight 1500-L experimental tanks with flow-through seawater and a tip-bucket 

system were used for the experiment.  Each tank was randomly assigned one of four experimental 
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light treatments (Ambient, Low, Critical, or Blackout) and five individuals of each species were 

randomly assigned to each tank. Light treatments were created by covering tanks in either one, two, 

or three layers of shade cloth or black, opaque plastic sheets (“Blackout”). Incident irradiance 

(µmol photons m-2 s-1, photosynthetically active radiation, PAR 400-700 nm) within each tank was 

monitored for the duration of the experiment using data loggers with cosine-corrected sensors 

(Odyssey Photosynthetic Irradiance Recording System, Dataflow Systems Pty Ltd, New Zealand) 

mounted in the centre and bottom of each tank. Ambient light treatments were c. 15 % of surface 

irradiance, similar to that at 5-7 m at the collection site. The “Low” light treatment, c. 6 % of surface 

irradiance, was chosen to give irradiance less than Ambient but above the critical light threshold 

of c. 0.6-1.2 % for kelps (Lüning  1981, 1990). The “Critical” light treatment was chosen to fall 

within the 0.6-1.2 % range and resulted in an average of 0.9 % surface irradiance, while the 

“Blackout” light treatment was to chosen to represent extreme light limitation at 0.03% of surface 

irradiance (see Appendix 5.A for details).  

E. radiata and C. flexuosum sporophytes were collected from Leigh on 16 September 2016. 

Individuals were selected from areas of mixed algal stands (E. radiata and C. flexuosum) and only 

adults of < 60 cm total length (stipe + laminae) were selected. Care was taken to select healthy 

individuals free of discolouration or any major abrasions and grazed tissue. Sporophytes were 

transported to the Leigh Marine Laboratory and held in shaded outdoor tanks with flow-through 

ambient seawater from the adjacent coast in Leigh. Irradiance in holding tanks was reduced by 

~80% using shade cloth to simulate typical light conditions at c. 6 m depth at Leigh. Thalli were 

attached to the bottom of tanks via the holdfast to ensure upright orientation. Frond movement and 

water circulation were maintained by a tip-bucket system that dumps c. 15 L seawater every 45-50 

s (~ 1200 L h-1) into each holding tank.  

Morphological measurements were taken for each individual (five per tank) and 

photosynthesis versus irradiance (P-E) curves were measured in the laboratory (details below) for 

three randomly selected individuals from each tank of each species at the beginning and end of the 

experiment. For each E. radiata, stipe and primary lamina length were measured. C. flexuosum can 

have multiple fronds originating from the same holdfast, therefore, each primary lamina was 

counted and the length measured to determine total thallus length (total length; the sum of all 

laminae from an individual holdfast). Rates of lamina extension and erosion in E. radiata were 

determined using the “hole-punch” method described by Mann and Kirkman (1981). At the 

beginning of the experiment, each E. radiata was hole-punched with two 3-mm holes at 5 and 10 

cm from the meristem located at the stipe/primary lamina junction. This is where all vertical growth 

of the primary lamina originates. Thus, the first hole is used to monitor lamina extension and 
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erosion and the second hole is to ensure that growth is not occurring elsewhere in the primary 

lamina (Mann & Kirkman  1981). A similar method was used for C. flexuosum whereby small 

strings were tied along the primary laminae at 5-cm intervals. Movement or separation of the strings 

indicated lamina extension. For both species, initial and final wet weights and lamina volume were 

also measured and tissue samples were taken for pigment analyses (details below). Final 

morphological and photosynthetic measurements were taken between 19 to 21 October.  

 

5.2.3 Press vs Pulse experiment  

 To investigate the differential effects of “press” vs “pulse” low light limitation on E. radiata 

and C. flexuosum, a second mesocosm experiment was used in which adult sporophytes were 

exposed to three different lighting regimes from 19 November to 18 December 2016. Twelve 200-

L experimental tanks were used for the experiment and two individuals of each species were 

randomly assigned to each tank. Each tank was randomly assigned one of the three experimental 

light regimes including (1) Control - ambient light of c. 6 m depth created by covering tanks with 

one layer of 80 % shade cloth, (2) Press - constant low light created by covering tanks with two 

layers of 80 % shade cloth and one layer of 40 % shade cloth, and (3) Pulse - blackout created by 

covering tanks with opaque, black plastic for two days and slowly raising irradiance using 

decreasing layers of shade cloth over three days to ambient light conditions which was maintained 

for two days. The seven day lighting regime for Pulse treatments was repeated four times over the 

duration of the experiment. Ambient, Press, and Pulse lighting regimes were chosen based on 

results from the light intensity experiment. Furthermore, Press and Pulse tanks were chosen to 

provide comparable total weekly PFD between treatments (see Appendix 5.A for details). PFD was 

measured in each tank using loggers and methodologies described above. 

E. radiata and C. flexuosum sporophytes were collected from Leigh on 15 November 2016 

and transported and held at the Leigh Marine Laboratory. Morphological measurements were 

taken, and P-E curves were measured for each individual (two per tank) of each species at the 

beginning and end of the experiment as in the light intensity experiment. Final morphological and 

photosynthetic measurements and tissue samples were taken between 19 and 22 December.  

 

5.2.4 Photosynthesis-irradiance parameters 

Photosynthesis-irradiance (P-E) curves were obtained for E. radiata and C. flexuosum at 

the beginning and end of each experiment using photorespirometry chambers and methods 

described in detail by Rodgers et al. (2015). Details of the methodology are also described in 

Chapter III. In short, photosynthetic measurements were conducted using two replicate 
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photorespirometry chambers in two 200 L indoor tanks under artificial lighting (LED; 6300 Lumen, 

Cree XM-L). For each thallus, P-E curves were determined by measuring dark respiration (Rd) and 

net photosynthesis at five irradiances of 10-min duration each. For each individual a P-E curve was 

fitted, and P-E parameters derived, using R (R: A Language for Statistical Computing, 2013, R 

Foundation for Statistical Computing, Vienna, Austria) following Webb et al. (1974) 

 

P = Pmax · (1 – e-αE/Pmax) 

 

where P is the net photosynthetic rate at any photon flux density (E), Pmax is the maximum 

photosynthetic rate at saturating irradiances, α is the photosynthetic efficiency (i.e. the slope of the 

linear light-limited part of the curve), and E = incident irradiance. The saturation irradiance (Ek), 

which is the onset of light saturation estimated as Pmax/α, and compensation irradiance (Ec), the 

irradiance at which photosynthesis balances respiration estimated as Rd/α, were also calculated.  

 

5.2.5 NPP modelling 

To provide a more ecologically relevant measure of the effect of different light intensities 

and light regimes on E. radiata and C. flexuosum, estimates of primary productivity were made 

using a physiologically-based model (Webb et al.  1974; Rodgers & Shears  2016). This model 

incorporates changes in photosynthetic parameters and lamina biomass, under the different light 

conditions to give an overall estimate of NPP. For both experiments we used the average final Pmax, 

α, and Rd values of each species with the assumption that after ~30 days the individuals were fully 

acclimated to their respective lighting regimes. It is important to note that changes in thallus 

morphology and structure, which enhance acclimation to environmental conditions, occur 

relatively slowly (months to years) and is, therefore, outside the scope of the present study. 

 

5.2.6 Photosynthetic pigment analysis 

Chlorophyll (chl) a and c, and fucoxanthin, contents were determined using dimethyl 

sulphoxide (DMSO) extraction methods detailed by Seely et al. (1972). Two 2.5-cm diameter disks 

were cut from the basal secondary laminae of each E. radiata or from a leaf in the case of C. 

flexuosum. Pigments were extracted from one disk from each pair by immersion in 4 mL DMSO 

for 3-5 minutes in darkness and then 4 mL 90 % acetone for 1 hour in darkness. Extract absorbance 

at four wavelengths (480, 582, 631, and 660 nm for DMSO and 470, 580, 628, 661 nm for 90 % 

acetone) was determined spectrophotometrically (Shimadzu UV-2450) and standardized by 

deducting absorbances at 750 nm. The resulting pigment content from the two extractions (DMSO 
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and 90 % acetone) were combined for each sample to give overall pigment content (mg g-1 dw) for 

each sample. The second disk from each thallus was dried at 60°C for 24 h until a constant dry 

weight was obtained. Wet to dry weight ratios from each sample were used to standardized pigment 

contents from corresponding thalli.  

 

5.2.7 Statistical analyses 

For both experiments three-way mixed model ANOVAs with the factors Species (fixed 

effect: E. radiata and C. flexuosum), Light Treatment (fixed effect), and Tank (random effect: tanks 

nested within each Treatment) were used to investigate differences in morphological measurements 

(change in lamina biomass and primary lamina extension and erosion), photosynthetic parameters 

(Rd, Pmax, α, Ek, and Ec), and pigment content. Wald ChiSquare tests were used to identify an effect 

due to the random factor Tank [Treatment]. All analyses were applied to the raw data unless 

specified. In cases where no transformation satisfied the assumptions of normality we used three-

way PERMANOVAs applied to normalized data using Type I SS on 9999 permutations (Anderson 

et al.  2008).   

To investigate differences in modelled NPP among treatments in each experiment, two-way 

ANOVAs with the factors Species and Treatment were used. For the light intensity experiment the 

difference in average daily NPP (mg C g-1 dw day-1) was examined whereas for the press vs pulse 

experiment the  daily average NPP for each seven-day light cycle was summed and weekly 

averages (mg C g-1 dw week-1) were used to investigate overall differences between treatments. 

Both analyses were applied to the raw data.  

 In all analyses, homogeneity of the variance was verified by examining the distribution of 

the residuals and referring to the Levene tests, whereas normality of the residuals was verified by 

examining the normal probability plot of the residuals and referring to the Shapiro-Wilk’s statistics 

(Snedecor & Cochran  1989). To detect difference among levels within a factor, we used Tukey 

HSD multiple comparison tests (comparisons based on least-square means) (Sokal & Rohlf  2012). 

A significance threshold of 0.05 was used for all statistical tests. All analyses were conducted with 

JMP 13.0.0 and Plymouth Routines in Multivariate Ecological Research (PRIMER) software, 

v7.0.12 in the case of PERMANOVAs.   

 

5.3 Results 

5.3.1 Light intensity experiment 

Changes in lamina biomass showed variable responses to light treatments that differed 

between species (Table 5.1). Under the two highest light conditions, both E. radiata and C. 
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flexuosum displayed similar net gains in lamina biomass (Figure 5.1). E. radiata began to show net 

reductions in lamina biomass under Critical light conditions while C. flexuosum was still able to 

maintain net gains. Both species showed net declines of lamina biomass in the lowest light 

treatment (Blackout), but declines were c. 15 times greater in E. radiata than C. flexuosum. 

Individuals from Blackout treatments showed severe signs of tissue deterioration. The primary and 

secondary laminae of E. radiata were greatly decreased in length, whereas C. flexuosum showed a 

substantial reduction in photosynthetically active fronds. Furthermore, E. radiata in Blackout tanks 

became slippery to the touch suggesting the stress-related release of protective secondary 

metabolites, while the apices of C. flexuosum became darkened and discoloured or covered in a 

white biofilm.  

Initial values of Pmax and Ek for E. radiata were typically higher than those of C. flexuosum 

(Figure 5.2, Appendix 5.B). At the end of the light intensity experiment, Pmax tended to decline 

with decreasing light for both species (Table 5.2; Figure 5.2 A). There was no significant difference 

in Pmax among the three highest light treatments, but Pmax was significantly lower in Blackout 

treatments, for both species (LS means, p = 0.0030 and 0.044 for E. radiata and C. flexuosum, 

respectively). The effect of light treatments on Rd differed between the two species (Table 5.2). 

The rate of respiration for C. flexuosum generally declined with decreasing light, whereas Rd for E. 

radiata did not vary significantly among the treatments (Figure 5.2 B). There was a marginally 

significant (p = 0.06) interaction between Species and Treatment for α (Table 5.2), which was 

similar among Treatment levels for E. radiata but lowest under Blackout conditions for C. 

flexuosum (Figure 5.2 C).  Saturating photon irradiance (Ek) also had a marginally significant (p = 

0.088) interaction between Species and Treatment (Table 5.2).  Ek showed no obvious trend among 

treatments for C. flexuosum, but appeared to decrease consistently with decreasing light for E. 

radiata (Figure 5.2 D).  Ec did not show any definite differences among treatments or between 

species, though tended to be lowest in Critical and Blackout treatments for both species (Table 5.2; 

Figure 5.2 E).   

Photosynthetic pigment concentrations of E. radiata were generally higher than C. 

flexuosum (Table 5.3; Figure 5.3). Differences in chlorophyll a were not significantly impacted by 

treatment (Table 5.3; Figure 5.3 A). In contrast, chl c content varied among treatments (Table 5.3). 

Chlorophyll c levels in E. radiata were lower in Ambient treatments than all other treatments, 

whereas, in C. flexuosum, chl c levels were lower in Ambient, Low, and Critical treatments than 

Blackout treatments (Figure 5.3 B). Fucoxanthin levels showed variable responses to treatment for 

each species (Table 5.3). For E. radiata, fucoxanthin levels, were lowest in Ambient treatments, 
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whereas C. flexuosum had low fucoxanthin levels in both ambient and low light conditions (Figure 

5.3 C).  

 

5.3.2 Press vs Pulse experiment 

Changes in lamina biomass showed variable responses to light treatments that differed 

between species (Table 5.4). Under ambient conditions, E. radiata maintained a constant biomass, 

but underwent significant net lamina biomass loss in both the Press and Pulse treatments (Figure 

5.4).  In contrast, C. flexuosum appeared to have greatest tissue loss in the Pulse treatment, though 

this loss was not significantly greater than in the Ambient treatment (LS means, p = 0.14). C. 

flexuosum showed marginal gains in lamina biomass in the Press treatment which was also evident 

in the appearance of new fronds and leaves. Losses in lamina biomass were c. 2 times greater in E. 

radiata than C. flexuosum under Pulse conditions (LS means, p = 0.0041).  

At the end of the Press vs Pulse experiment, differences in Pmax among treatments were 

evident for E. radiata, but not C. flexuosum (Table 5.5; Figure 5.5 A). Pmax of E. radiata in Press 

and Pulse treatments were similar (LS means, p = 0.082) yet significantly lower than Ambient 

treatments (LS means, p = 0.0020) (Figure 5.5 A). The influence of treatment on Rd differed 

between species (Table 5.5). The rate of respiration for E. radiata from Press treatments was higher 

than Ambient and Pulse conditions (LS means, p =0.0002), while C. flexuosum had lower 

respiration rates in the Press treatment (LS means, p <0.0001). Alpha did not differ among 

treatments but was higher for E. radiata than C. flexuosum (Table 5.5; Figure 5.5 C). Saturation 

irradiance (Ek) did not differ among treatments or between species (Table 5.5; Figure 5.5 D), 

whereas, compensation irradiance (Ec), showed a small difference between E. radiata and C. 

flexuosum but not among treatments (Table 5.5; Figure 5.5 E). 

As in the first experiment, photosynthetic pigment content was higher in E. radiata than C. 

flexuosum (Table 5.6; Figure 5.6). Differences in chl a were also significantly impacted by 

Treatment, yet there was no interaction between factors (Table 5.6). For both species, chl a content 

was highest in Press treatments (LS means, p < 0.0001) and lowest in Pulse treatments (LS means, 

p < 0.0001) (Figure 5.6 A). Chlorophyll c content showed variation among treatments that differed 

for each species (Table 5.6). For E. radiata, chl c levels were lower in Press and Pulse treatments 

than Ambient treatments, whereas, for C. flexuosum a decline was only evident in Pulse treatments 

(Figure 5.6 B). There was a marginally significant (p = 0.069) interaction between Species and 

Treatment for fucoxanthin levels (Table 5.6). For E. radiata, fucoxanthin content was lowest in 

Pulse treatments, whereas, C. flexuosum appeared to have comparably low levels in both Ambient 

and Pulse treatments (Figure 5.6 C).  
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5.3.3 Modelled net primary productivity 

 For each experiment, the response of NPP to the different treatments varied between species 

(Table 5.7). In the light intensity experiment, NPP of E. radiata declined significantly across each 

light treatment, whereas C. flexuosum only had significantly reduced NPP under Critical and 

Blackout light levels (Figure 5.7 A). E. radiata had significantly higher (1.9 times) daily NPP than 

C. flexuosum under Ambient conditions (LS means, p < 0.0001), but not in Low or Critical 

treatments (LS means, p = 0.96 and 0.087, respectively). For Blackout treatments, E. radiata had 

significantly lower (2.2 times) daily NPP than C. flexuosum (LS means, p < 0.0001).   NPP became 

negative for both species in light treatments < 1 % of surface irradiance (Critical and Blackout).   

In the press vs pulse experiment, NPP of E. radiata was significantly reduced under both 

Press and Pulse treatments, whereas NPP of C. flexuosum was only significantly reduced under 

Pulse conditions (Figure 5.7 B). NPP of E. radiata was significantly higher (c. 13 times) than that 

of C. flexuosum under ambient conditions (LS mean, p < 0.0001). 
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Table 5.1. Summary of ANOVAs (applied to normalized data using Type III SS and 9999 

permutations) examining differences in changes in lamina biomass (proportion of initial biomass) 

between species (fixed effect: E. radiata and C. flexuosum) and among light treatments (fixed 

effect: Ambient, Low, Critical, Blackout) in the light intensity experiment. Tank (random effect: 

nested in Treatment) was included in the model as a random effect.  

Source of variation df MS Pseudo-F p 

     

Change in lamina biomass     

Species 1 9.04 33.67 0.0001 

Treatment 3 12.50 439.27 0.0078 

Tank [Treatment] 4 0.028 0.11 0.98 

Species × Treatment 3 4.70 17.49 0.0001 

Residual 68 0.27   

Total 79    

     

 

 

Figure 5.1.  Mean (± SE) percent change in lamina biomass for Ecklonia radiata and 

Carpophyllum flexuosum in each light Treatment (Ambient, Low, Critical, and Blackout) of the 

light intensity experiment (n = 10 for each bar). 
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Table 5.2. Summary of three-way mixed model ANOVAs (applied to raw data or log-transformed 

data in the case of α and Ec) examining differences of photosynthetic parameters between species 

(fixed effect: E. radiata and C. flexuosum) and among light treatments (fixed effect: Ambient, Low, 

Critical, Blackout) in the light intensity experiment. Tank (random effect: nested in Treatment) was 

included in the model as a random effect. 

 

Source of variation Wald p-value df df Den F-value p 

      

Pmax 0.92     

Species  1 36 3.99 0.053 

Treatment  3 4 10.92 0.021 

Species × Treatment  3 36 2.59 0.068 

      

Rd 0.78     

Species  1 36 9.22 0.0044 

Treatment  3 4 4.05 0.10 

Species × Treatment  3 36 3.80 0.018 

      

Α 0.46     

Species  1 36 1.67 0.20 

Treatment  3 4 0.088 0.96 

Species × Treatment  3 36 2.70 0.060 

      

Ek 0.45     

Species  1 36 0.20 0.66 

Treatment  3 4 0.99 0.48 

Species × Treatment  3 36 2.36 0.088 

      

Ec 0.50     

Species  1 36 0.66 0.42 

Treatment  3 4 1.10 0.45 

Species × Treatment  3 36 0.40 0.75 
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Figure 5.2.  Mean (± SE) maximum photosynthetic rate Pmax (A), respiration rate Rd (B), 

photosynthetic efficiency α (C), saturation irradiance Ek (D), and compensation irradiance Ec (E) 

of Ecklonia radiata and Carpophyllum flexuosum at T0 (Initial) and after 30 days in each treatment 

(Ambient, Low, Critical, and Blackout) of the light intensity experiment. Only post treatment data 

(solid bars) were used in the corresponding two-way ANOVAs (see Table 5.2). Bars not sharing 

the same letter or light treatments not bracketed by the same horizontal line are significantly 

different (LS means tests, p < 0.05; n = 6 and 24 for solid and dashed bars, respectively). Asterisks 

denotes differences of initial values between species.  
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Table 5.3. Summary of three-way mixed model ANOVAs (applied to raw data) examining 

differences in photosynthetic pigment content between species (fixed effect: E. radiata and C. 

flexuosum) and among light treatments (fixed effect: Ambient, Low, Critical, Blackout) in the light 

intensity experiment. Tank (random effect: nested in Treatment) was included in the model as a 

random effect. 

 

Source of variation Wald p-value df df Den F-value p 

      

Chl a 0.46     

Species  1 68 23.72 <0.0001 

Treatment  3 4 2.64 0.19 

Species × Treatment  3 68 1.87 0.14 

      

Chl c 0.46     

Species  1 68 242.36 <0.0001 

Treatment  3 4 4.07 0.10 

Species × Treatment  3 68 6.59 0.0006 

      

Fucoxanthin 0.40     

Species  1 68 60.53 <0.0001 

Treatment  3 4 3.02 0.16 

Species × Treatment  3 68 3.66 0.017 
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Figure 5.3. Mean (± SE) chlorophyll a (A), chlorophyll c (B), and fucoxanthin (C) levels of 

Ecklonia radiata and Carpophyllum flexuosum after 30 days in each light treatment (Ambient, 

Low, Critical, Blackout) of the light intensity experiment. Bars not sharing the same letter are 

significantly different (LS means tests, p < 0.05; n = 10 for each bar).  
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Table 5.4. Summary of mixed model ANOVAs (applied to raw data) examining differences of 

changes in lamina biomass (proportion of initial biomass) between species (fixed effect: E. radiata 

and C. flexuosum) and among light treatments (fixed effect: Ambient, Low, Critical, Blackout) in 

the Press vs Pulse experiment. Tank (random effect: nested in Treatment) was included in the 

model as a random effect. 

 

Source of variation Wald p-value df df Den F-value p 

      

Change in lamina biomass 0.40     

Species  1 33 18.52 0.0001 

Treatment  2 9 11.06 0.0038 

Species × Treatment  2 33 13.07 <0.0001 

      

  

 

 

Figure 5.4.  Mean (± SE) percent change in lamina biomass for Ecklonia radiata and 

Carpophyllum flexuosum in each light Treatment (Ambient, Press, and Pulse) of the Press vs Pulse 

experiment. Bars not sharing the same letter are significantly different (LS means tests, p < 0.05; n 

= 8 for each bar).  
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Table 5.5. Summary of three-way mixed model ANOVAs (applied to raw data) examining 

differences of photosynthetic parameters between species (fixed effect: E. radiata and C. 

flexuosum) and among treatments (fixed effect: Ambient, Press, and Pulse) in the Press vs Pulse 

experiment. Tank (random effect: nested in Treatment) was included in the model as a random 

effect. 

 

Source of variation Wald p-value df dfDen F-value p 

      

Pmax 0.47     

Species  1 9 41.60 <0.0001 

Treatment  2 9 5.10 0.033 

Species × Treatment  2 9 4.33 0.048 

      

Rd 0.37     

Species  1 9 3.08 0.11 

Treatment  2 9 0.88 0.45 

Species × Treatment  2 9 51.41 <0.0001 

      

α 0.29     

Species  1 9 8.34 0.018 

Treatment  2 9 0.24 0.79 

Species × Treatment  2 9 0.16 0.85 

      

Ek 0.37     

Species  1 9 0.015 0.91 

Treatment  2 9 0.013 0.99 

Species × Treatment  2 9 0.11 0.90 

      

Ec 0.26     

Species  1 9 5.76 0.040 

Treatment  2 9 0.79 0.48 

Species × Treatment  2 9 2.84 0.11 
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Figure 5.5.  Mean (± SE) maximum photosynthetic rate Pmax (A), respiration rate Rd (B), 

photosynthetic efficiency α (C), saturation irradiance Ek (D), and compensation irradiance Ec (E) 

of Ecklonia radiata and Carpophyllum flexuosum at T0 (Initial) and after 35 days in each treatment 

(Ambient, Low, Critical, and Blackout) of the light intensity experiment. Only post treatment data 

(solid bars) were used in the corresponding two-way ANOVAs (see Table 5.5). For each species 

bars not sharing the same letter are significantly different (LS means tests, p < 0.05; n = 4 and 24 

for solid and dashed bars, respectively). Asterisks denotes differences of initial values between 

species.  
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Table 5.6. Summary of three-way mixed model ANOVAs (applied to raw data or square-root-

transformed data in the case of chl a and fucoxanthin) examining differences of photosynthetic 

pigment content between species (fixed effect: E. radiata and C. flexuosum) and among treatments 

(fixed effect: Ambient, Low, Critical, Blackout) in the Press vs Pulse experiment. Tank (random 

effect: nested in Treatment) was included in the model as a random effect. 

Source of variation Wald p-value df df Den F-value p 

      

Chl a 0.74     

Species  1 33 49.21 <0.0001 

Treatment  2 9 35.31 <0.0001 

Species × Treatment  2 33 1.28 0.29 

      

Chl c 0.38     

Species  1 33 522.51 <0.0001 

Treatment  2 9 48.38 <0.0001 

Species × Treatment  2 33 21.18 <0.0001 

      

Fucoxanthin 0.86     

Species  1 33 78.29 <0.0001 

Treatment  2 9 5.98 0.022 

Species × Treatment  2 33 2.91 0.069 
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Figure 5.6.  Mean (± SE) chlorophyll a (A), chlorophyll c (B), and fucoxanthin (C) levels of 

Ecklonia radiata and Carpophyllum flexuosum after 30 days in each treatment (Ambient, Press, 

and Pulse) of the Press vs Pulse experiment. Bars not sharing the same letter or light treatments not 

bracketed by the same horizontal line are significantly different (LS means tests, p < 0.05; n = 8 

for each bar).  
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Table 5.7. Summary of two-way ANOVAs (applied to raw data) examining the effect of Species 

(E. radiata and C. flexuosum) and Treatment on estimated NPP for each experiment.  

 

Source of variation df MS F-value p 

     

Experiment 1     

NPP (mg C g-1 DW day-1)     

Species 1 12.76 4.56 0.034 

Treatment 3 484.17 172.98 <0.0001 

Species × Treatment 3 54.87 19.60 <0.0001 

Error 232 2.80   

Corrected total 239    

     

Experiment 1     

NPP (mg C g-1 DW week-1)     

Species 1 334.42 24.05 0.0001 

Treatment 2 1539.51 110.70 <0.0001 

Species × Treatment 2 561.33 40.36 <0.0001 

Error 18 13.91   

Corrected total 23    
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Figure 5.7. Mean net primary productivity (NPP) for the light intensity (A; mg C g-1 day-1) and 

Press vs Pulse (B; mg C g-1 week-1) experiments. Estimates of productivity are based on the average 

photosynthetic parameters and light from each treatment in each experiment. Each point in (A) 

represents the average NPP for each day of the light intensity experiment (n = 30), whereas each 

bar in (B) represents the average NPP for each week of the Press vs Pulse experiment (n = 4). Bars 

not sharing the same letter are significantly different (LS means tests, p < 0.05).  
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5.4 Discussion 

 The results of the current study provide clear evidence that the kelp Ecklonia radiata, which 

dominates reefs with generally good water clarity (low turbidity), is more productive per unit 

biomass under high-light conditions than the fucoid Carpophyllum flexuosum, which typifies more 

turbid waters. As light declined E. radiata suffered greater tissue loss and had lower NPP than C. 

flexuosum. Press and pulse disturbances resulted in differential effects on each species. E. radiata 

exhibited significant losses of lamina biomass and reduced NPP under both press and pulse 

treatments, whereas C. flexuosum showed net growth under press disturbance, but lost tissue and 

had significantly reduced NPP under pulse disturbance. This differential responses of E. radiata 

and C. flexuosum to press and pulse low-light conditions provides insight into individual species 

resilience and potential competitive interactions under the influence of changing coastal light 

environments. The results of this study suggest that C. flexuosum is more tolerant to the turbid, 

low-light environments of the inner Hauraki Gulf than E. radiata, but both species are vulnerable 

to pulse disturbances of extreme low light.  

 

5.4.1 Light intensity experiment 

Results of the light intensity experiment showed a general decline in the performance of 

both E. radiata and C. flexuosum to decreasing light. However, E. radiata underwent significantly 

higher tissue loss than C. flexuosum under the lowest light treatments, indicating that C. flexuosum 

is more tolerant to low light than E. radiata. Estimated NPP also declined significantly across each 

light level for E. radiata, but for C. flexuosum NPP did not differ between ambient and low light 

conditions but was significantly lower for the two lowest light treatments. This is consistent with 

the distributional patterns of E. radiata and C. flexuosum in the Hauraki Gulf, as C. flexuosum 

typically dominates in more turbid environments (Chapters II and IV, Grace  1983). Furthermore, 

substantial loss of thallus biomass in both species under the lowest level of light (Blackout, 0.03% 

surface irradiance) clearly demonstrates an inability of either species to cope with extremely low 

light. This was not surprising given that most large brown macroalgae are typically restricted to 

depths where irradiance is greater than ~0.7-1.4 % of surface irradiance  (Lüning  1981, 1990). The 

relatively low biomass loss for C. flexuosum compared to E. radiata under Blackout treatments 

provides more evidence that, despite similar changes in photosynthetic performance, C. flexuosum 

may be better equipped to withstand chronic low light environments than E. radiata.  

Neither of the two species examined exhibited clear evidence of photoacclimation to low 

light based on photosynthetic parameters or photosynthetic pigment contents. Adjustments in 

photosynthetic parameters typically include down regulation of respiration and increased 
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photosynthetic efficiency in order to decrease metabolic demand and optimize the capture of 

available light (Falkowski & LaRoche  1991; Kirk  2011). Consequently, low light acclimation 

also results in reduced saturation and compensation irradiances. Thus, in the current study it was 

expected that photosynthetic efficiency (α) would increase along with increased photosynthetic 

pigment levels in low light treatments. However, increases in pigments were only evident in C. 

flexuosum, which showed a moderate increase of accessory pigments (chl c and fucoxanthin) with 

decreasing light. Compensation irradiance did appear to decrease for both species in the two lowest 

light treatments, though α was variable. Furthermore, rates of respiration (Rd) did tend to decline 

with decreasing light for C. flexuosum , which may suggest an acclimation response to low light 

(Falkowski & LaRoche  1991; Kirk  2011). In contrast, Rd was high for E. radiata in the lowest 

light treatment, which may indicate a stress response to low light.  Similarly, reduced Pmax under 

low light for both species suggests a stress response rather than photoacclimation. Additionally, 

the initial decline in Pmax from ambient to low light conditions was greater in E. radiata than C. 

flexuosum which indicates that low light conditions had more pervasive effects on E. radiata.  

 

5.4.2 Press vs Pulse Experiment 

Results of the press vs pulse experiment revealed different responses of the two species to 

the temporal delivery of light. Under ambient conditions the NPP of E. radiata was c. 14 times 

higher than that of C. flexuosum. This difference was higher than that observed in the light gradient 

experiment and was driven by the lower performance (low Pmax and α, and high Rd) and higher 

tissue loss of C. flexuosum under ambient conditions of the press vs pulse experiment when 

compared with that in the light intensity experiment.  The higher NPP of E. radiata under ambient 

conditions in both experiments attests to the exceptionally high productivity and growth of kelp 

species. Fucoid species, on the other hand, are characterized as slower growing with lower rates of 

production (Mann  1973; Vadas et al.  2004). Under treatments of light limitation (Press and Pulse), 

both species showed negative NPP, which suggests that neither species were able to fully acclimate 

to the experimental conditions in the given time frame. Despite this, the differential effects of Press 

vs Pulse treatments on NPP estimates of the two species suggests that the temporal delivery of light 

has an important influence on their physiology. Indeed, E. radiata showed significantly lower NPP 

under both press and pulse disturbance compared to ambient light, whereas C. flexuosum only had 

a significant reduction in NPP when exposed to the pulse disturbance. Not only that, C. flexuosum 

showed a net increase in lamina biomass and visible frond production in Press treatments, which 

provides further evidence of higher tolerance of this species to persistent, low-light environments.   



  Chapter V 

 

132 

 

Despite the observed differences in lamina production between species, limited change on 

photosynthetic parameters in response to the low light treatments was observed.  As in the light 

intensity experiment, it was expected that low-light disturbance would result in an increase in 

photosynthetic efficiency. However, there were no observed differences in α among treatments for 

both species, and photosynthetic pigment content tended to decrease in both the press and pulse 

disturbances. This may be another indication that neither species was able to fully acclimate to the 

light conditions under the given time frame. Interestingly, under Press conditions E. radiata 

showed increased Rd while C. flexuosum showed decreased Rd. This finding is consistent with the 

light intensity experiment and indicates a differential response of the two species to chronic low-

light environments. Specifically, higher rates of respiration for E. radiata in the Press treatment 

suggest greater levels of stress under these conditions whereas lower Rd in the Pulse treatment may 

suggest that E. radiata is able to recover to pulse disturbances more quickly. Hence, the opposite 

may be true for C. flexuosum, where low Rd under press conditions indicates enhanced acclimation 

to low light. This was also reflected in estimates of NPP for each species.  

 

5.4.3 Study limitations 

Like most mesocosm experiments, the experiments described above are not without 

limitations. Adult E. radiata sporophytes are particularly sensitive to laboratory conditions, 

especially in summer when seawater temperatures are high (C. Blain, personal observation). We 

chose to work with adult sporophytes to provide results with ecological relevance and directly 

comparable to those of concurrent studies investigating the effects of light on the photosynthetic 

capacity and growth of E. radiata in the Hauraki Gulf (Chapters II – IV).  In order to minimize 

stress on plants, we took special care during the collection and transportation of individuals to the 

laboratory, avoiding the emersion of plants. Once in experimental tanks, the flow of seawater was 

maximized in order to minimize the build-up of diffusive boundary layers and to maintain water 

temperature similar to that of the adjacent coast. It is also important to note here that establishing 

P-E curves of adult sporophytes under laboratory conditions often results in low estimates of Pmax 

and thus likely underestimates NPP (Rodgers et al.  2015). Consequently, estimates of NPP are 

strictly for comparisons within the confines of these experiments and caution the reader on 

comparing the values of NPP to different systems and study species. 

 

5.4.4 Ecological implications and conclusions 

The results of both experiments provide evidence of decreasing physiological performance 

in chronic low-light environments for large brown algal species, while highlighting the importance 
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of light regime on species-specific responses to low-light stress.  The differential responses of E. 

radiata and C. flexuosum to chronic and acute low-light conditions provides insight into the future 

resilience of both species under the influence of changing coastal light environments and may have 

implications for overall community dynamics. Assessments of the differences between the 

functionality of E. radiata vs C. flexuosum are lacking. Yet, these results indicate that in relatively 

high-light environments production from E. radiata is higher than C. flexuosum. However, under 

degraded light environments C. flexuosum will likely out-perform E. radiata and competitive 

interactions may tend to favour C. flexuosum, potentially resulting in lower primary and community 

production. As a crucial component of coastal ecosystems in New Zealand and southern Australia, 

loss of E. radiata or replacement with other species following increases in turbidity, which may be 

expected given the results of the current study, could affect sub-canopy algal and faunal 

assemblages. In light of the changing marine environment, monitoring the productivity of habitat-

forming benthic macrophytes will be a critical precursor for assessing the future status of coastal 

communities globally. Specifically, investigating the effects of interactions between chronic and 

acute low-light stress on benthic macroaglae will be an important avenue for future research.  
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Appendix 5.A 

 

Photon flux density 

Light intensity experiment 

 

Figure 5.A1. Mean (± SE) total daily photon flux density (mol photons m-2 day-1) in Ambient, 

Low, Critical, and Blackout treatments of the light intensity experiment (n = 30 for each bar).  

 

Press vs Pulse experiment 

Total daily PFD ranged from 0.8 to 9.2 mol photons m-2 day-1 in ambient tanks and 0.4 to 

23.5 mol photons m-2 day-1 in Press (chronic low-light) tanks. For the first two days of the seven 

day light cycles, Pulse tanks were close to complete darkness (0.02 to 0.65 mol photons m-2 day-1). 

Light slowly increased over days three to five and were comparable to Ambient tanks for days six 

and seven (1.1 – 7.2 mol photons m-2 day-1) (Figure 5.A2). Total weekly PFD was significantly 

higher (c. 2 times greater) in Ambient tanks than Press and Pulse tanks (Factor = Treatment, F2,45 

= 139.34, p < 0.0001) but was similar between Press and Pulse tanks (LS means, p = 0.19) (Figure 

5.A2). Total weekly PFD in ambient tanks was c. 9.7 % of surface irradiance, while Press and Pulse 

were only c. 4.0 and 4.1 % of surface irradiance, respectively. 
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Figure 5.A2. Mean (± SE) total daily photon flux density (mol photons m-2 day-1) (A) and total 

weekly photon flux density (mol photons m-2 week-1) (B) in Ambient, Press, and Pulse treatments 

of the Press vs Pulse experiment. Each point in (A) represents the average of four days for each of 

four tanks in each treatment (n = 16). Each bar in (B) represents the average PFD of the four light 

cycles (one week) for each treatment (n = 4). Bars not sharing the same letter are different (LS 

means tests, p < 0.05). 
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Appendix 5.B 

 

Initial P-E parameters  

 

Table 5.B1. Summary of three-way mixed model ANOVAs (applied to raw data or log-

transformed data in the case of Ek and lamina biomass) examining differences of initial 

photosynthetic parameters between species (fixed effect: E. radiata and C. flexuosum) and among 

light treatments (fixed effect: Ambient, Low, Critical, Blackout) at the start of the light intensity 

experiment. Tank (random effect: nested in Treatment) was included in the model as a random 

effect. 

Source of variation Wald p-value df df Den F-value p 

      

Initial      

Pmax 0.70     

Species  1 36 25.88 <0.0001 

Treatment  3 4 0.98 0.49 

Species × Treatment  3 36 0.75 0.53 

      

Rd 0.29     

Species  1 36 0.64 0.43 

Treatment  3 4 1.00 0.48 

Species × Treatment  3 36 0.81 0.50 

      

α 0.076     

Species  1 36 0.67 0.42 

Treatment  3 4 0.29 0.83 

Species × Treatment  3 36 1.29 0.29 

      

Ek 0.49     

Species  1 36 4.41 0.043 

Treatment  3 4 0.33 0.80 

Species × Treatment  3 36 1.27 0.30 

      

Ec 0.18     

Species  1 36 0.60 0.44 

Treatment  3 4 1.09 0.45 

Species × Treatment  3 36 1.74 0.18 

      

Lamina biomass 0.43     

Species  1 68 101.50 <0.0001 

Treatment  3 4 0.74 0.58 

Species × Treatment  3 68 0.89 0.45 
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Table 5.B2. Summary of three-way ANOVAs (applied to normalized data using Type III SS and 

9999 permutations) examining differences of photosynthetic parameters and lamina biomass 

between Species (fixed effect: E. radiata and C. flexuosum) and among treatments (fixed effect: 

Ambient, Press, and Pulse) and tanks (random effect: nested in Treatment) prior to commencing 

the Press vs Pulse experiment.  

Source of variation df MS Pseudo-F p 

     

Initial     

Pmax     

Species 1 10.48 9.56 0.014 

Treatment 2 0.032 0.15 0.86 

Tank [Treatment] 9 0.22 0.20 0.99 

Species × Treatment 2 0.31 0.28 0.75 

Residual 9 1.10   

Total 23    

     

Rd     

Species 1 5.12 3.91 0.082 

Treatment 2 0.0075 0.012 0.99 

Tank [Treatment] 9 0.65 0.50 0.88 

Species × Treatment 2 0.10 0.078 0.93 

Residual 9 1.31   

Total 23    

     

α     

Species 1 3.80 3.66 0.086 

Treatment 2 0.37 0.37 0.74 

Tank [Treatment] 9 0.98 0.95 0.53 

Species × Treatment 2 0.14 0.14 0.87 

Residual 9 1.04   

Total 23    

     

Ek     

Species 1 5.10 5.20 0.043 

Treatment 2 0.13 0.17 0.84 

Tank [Treatment] 9 0.73 0.74 0.67 

Species × Treatment 2 1.14 1.16 0.35 

Residual 9 0.98   

Total 23    

     

Ec     

Species 1 2.26 1.57 0.24 

Treatment 2 0.18 0.22 0.81 

Tank [Treatment] 9 0.80 0.56 0.83 

Species × Treatment 2 0.11 0.076 0.93 
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Residual 9 1.44   

Total 23    

     

Lamina biomass     

Species 1 20.20 40.00 0.0001 

Treatment 2 0.49 1.38 0.32 

Tank [Treatment] 9 0.35 0.52 0.86 

Species × Treatment 2 0.21 0.31 0.73 

Residual 33 0.67   

Total 47    
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CHAPTER VI 

Nutrient enrichment offsets the effects of low light on growth of the 

kelp Ecklonia radiata 

 

6.1 Introduction 

The growth of human populations in coastal regions has increased pressure on adjacent 

marine ecosystems (Cambers  1997; Bricker et al.  1999; Jackson et al.  2001; Kennish  2002; Islam 

& Tanaka  2004; Halpern et al.  2008; Sutherland et al.  2014). Humans have greatly increased 

sediment loads into receiving estuaries and coastal waters through the development of coastlines 

for farming, forestry, and industrial practices, resulting in an increase in turbidity (Carpenter et al.  

1998; Thrush et al.  2004; Syvitski et al.  2005; Klein et al.  2012; Fabricius et al.  2013; Leigh et 

al.  2015; Seers & Shears  2015). Furthermore, rapid intensification of agriculture and inadequate 

sewage treatment near developed coastlines has meant a significant increase in nutrient 

concentrations into adjacent waters (Valiela et al.  1997; Anderson et al.  2002; Seitzinger et al.  

2002; Beman et al.  2005). One of the most important effects of sedimentation and turbidity on 

coastal subtidal ecosystems is the reduction of light available for photosynthesis, which has adverse 

effects on key benthic primary producers (Airoldi & Cinelli  1997; Roleda et al.  2008; Kavanaugh 

et al.  2009; Harley et al.  2012; Desmond et al.  2015). However, since N is an essential 

macronutrient for macroalgae (Falkowski & Raven  2007), it may be that additional N, associated 

with increased sedimentation and eutrophication aid in metabolic and physiological functions 

associated with low-light coping mechanisms (Falkowski & Raven  2007). This raises the question 

of how the potential benefits of increasing coastal nitrogen influx and costs of declining irradiance 

interact to affect the productivity of macroalgal assemblages on developed coastlines.  

Nitrogen, which is available to macroalgae as NO3
-, NO2

-, and NH4
+, is critical for the 

production of amino acids and protein. Hence, N plays a fundamental role in regulating metabolic 

and photosynthetic processes in macroalgae (Shivji  1985; Kopczak  1994; Vergara et al.  1995; 

Barufi et al.  2011). The uptake and storage of N by macroalgae is dictated by numerous physical, 

biological, and phylogenetic factors (Harrison et al.  1986; Phillips & Hurd  2003). Light, in 

particular, indirectly affects nutrient uptake by providing ATP for active transport and the carbon 

backbones for synthesis of macromolecules (Lobban & Harrison  1994). In many cases N, rather 

than light, is a limiting resource for macroalgal growth and productivity (Hanisak  1979; 

Zimmerman & Kremer  1986; Howarth  1988; Brown et al.  1997; Harpole et al.  2011). However, 

in turbid, low-light, environments where nutrients are potentially high, this may not be the case. 
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Evidence suggests that by upregulating the photosynthetic pigment content, N has a positive effect 

on photosynthesis and growth rates in macroalgae (Shivji  1985; Kopczak  1994; Vergara et al.  

1995; Barufi et al.  2011). Yet at some point, reductions in light will inevitably limit the positive 

effects of N enrichment (e.g. Gerard  1982b). 

The subsurface kelp Ecklonia radiata is a crucial component of rocky reef ecosystems in 

northern New Zealand and temperate Australia (Choat & Schiel  1982; Wernberg et al.  2003b; 

Shears & Babcock  2007). As a foundational species, E. radiata supports complex food webs 

through primary and secondary production and provides food and habitat for numerous species 

(Russell  1977; Smith et al.  1996; Taylor  1998; Babcock et al.  1999). Conceivably, reduction or 

loss of such an important species will have cascading effects on ecosystems in which they are a 

major primary producer. Though the mechanisms may differ among regions, there is increasing 

evidence that changes in water quality have pervasive effects on populations of E. radiata (Gorgula 

& Connell  2004; Russell et al.  2009; Shepherd et al.  2009; Desmond et al.  2015). Chapter IV, 

provides the first evidence that the reduction of light, as a result of turbidity, is directly related to 

declines in Ecklonia forest growth and productivity in northeastern New Zealand. In the Hauraki 

Gulf reductions in benthic irradiance are also associated with increased levels of N in the form of 

ammonium (Chapters III). What is unclear, is how additional N may or may not help to alleviate 

the stress of growing in a low light environment. Thus, the aim of the present study was to 

investigate the influence of nutrient availability on the physiological performance of E. radiata 

under low light. Two experiments were used, one in situ and one laboratory-based mesocosm 

experiment, to test the hypothesis that nutrient enrichment helps to alleviate the effects of low light 

stress on E. radiata. Specifically, it was expected that increased N availability would increase 

photosynthetic pigment content and photosynthetic efficiency in E. radiata, thus resulting in a 

disproportionate increase in growth and productivity under low light conditions. 

 

6.2 Materials and methods 

6.2.1 Study site 

The field experiment was carried out at Nordic Reef (36° 17’ S, 174° 48’ E), which is c. 

2.5 km south of the Cape Rodney to Okakari Point (Leigh) Marine Reserve in northeastern New 

Zealand. Nordic Reef is a semi-exposed coastal site characterized by a gently sloping rocky 

substratum with continuous monospecific stands of E. radiata from ~5 to 20 m depth.  
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6.2.2 In situ experiment 

To determine the interactive effects of nutrient concentrations and irradiance on the growth 

and productivity of E. radiata, a factorial experiment was used in which sporophytes of E. radiata 

at two depths (7 and 16 m) were exposed to one of two nutrient regimes (ambient and enriched 

nutrients). Depth, rather than turbidity, was used as a proxy for light to control for differences in 

environmental variables and kelp morphology among sites. Between 29 January and 2 February, 

2016, six-1 m2 plots were set up at each depth. Each plot was separated by 10 m and marked with 

subsurface buoys on each corner attached to small weights. Plots were organized in a randomized 

block design (i.e. four plots [one of each nutrient treatment at each depth] in each of three blocks). 

At each of the nutrient enrichment plots, two 1-mm nylon mesh bags containing ~ 15 g dw slow 

release Osmocote Plus® fertilizer (6-month release; N:P:K, 15:5:10%; Scotts Australia) were 

attached to each corner marker of each plot, one just above and below the kelp canopy. Thus, each 

nutrient enrichment plot contained ~ 120 g of slow release fertilizer. Pilot studies indicated that 

120 g of fertilizer was enough to enhance the nutrients within the 1 m2 plots, while not affecting 

ambient nutrients within control plots (Appendix 6.A).  This method of nutrient enrichment in situ 

has been widely used (Worm et al.  2000; Nielsen  2001; Pfister & Van Alstyne  2003; Gorgula & 

Connell  2004; Russell et al.  2005; Russell et al.  2009; Falkenberg et al.  2013). The experiment 

was run at the end of summer when ambient seawater nutrients are lowest (see Chapter III). Plots 

with enriched nutrients were designed to have similar nutrient levels to those at high-nutrient sites 

in the inner Hauraki Gulf.   

Water samples were taken from the centre of each plot (nutrient enhancement and controls) 

every 6-10 days of the study for analysis of seawater nutrients: NH4
+, NO2

-, NO3
-, and PO4

3-.  

Triplicate 50-mL water samples were immediately frozen (-18°C), unfiltered, until being thawed 

and analysed for nutrient concentrations. Using previously frozen, unfiltered samples has no effect 

on the results obtained compared to filtering, refrigerating, and analysing within 4-5 hrs (Barr & 

Rees  2003). Nutrient concentrations for nitrate (NO3
-), nitrite (NO2

-), ammonium (NH4
+), and 

phosphate (PO4
3-) were determined spectrophotometrically using methods outlined by Parsons 

(2013). Absorbance readings were taken at 630, 540, 540, and 880 nm for NH4
+, NO3

-, NO2
-, and 

PO4
3-, respectively. Levels of nutrients (NH4

+, NO2
- + NO3

-, and PO4
3-) were significantly higher 

in enriched vs ambient plots (Appendix 6.B). NH4
+ and NO2

- + NO3
- concentrations were 

consistently elevated above ambient conditions being on average 4.2 and 2.8 times that of ambient 

conditions, respectively. In contrast, PO4
3- concentrations in enriched plots did not stay consistently 

above those of ambient plots. Nutrient concentrations were not affected by depth.  
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At the beginning of the experiment, seven to ten adult sporophytes within each plot were 

individually tagged for identification and measured. In situ measurements included stipe length 

(SL), stipe diameter (SD), and primary lamina length (PLL). Rates of biomass accumulation were 

determined using the “hole-punch” method (Mann & Kirkman  1981). A detailed description of 

methods can be found in Chapter IV. In brief, for each sporophyte one 3-mm diameter hole was 

punched through the primary lamina 5 cm above the meristematic tissue located at the junction of 

the stipe and primary lamina. This is where all vertical growth of the primary lamina originates 

from. Thus, by monitoring the movement of the hole up the primary lamina over time, the rate of 

primary lamina extension and erosion can be calculated. An estimate of maximum biomass per 3-

cm of primary lamina length is then applied to the rates of primary lamina extension to get an 

overall estimate of biomass accumulation using the following equation modified from Mann and 

Kirkman (1981):         

 

BA=
BM × HM

T × 3
 

 

where BA is biomass accumulation (g fw day-1), BM is the weight of the heaviest 3-cm lamina 

section (g), HM or “hole movement” is the total primary lamina extension (cm), and T is the time 

in days between sampling.  

On 5 March 2016, 32 days after the experiment initiated, all tagged individuals were 

collected and brought back to the Leigh Marine Laboratory for final measurements. The 

photosynthesis-irradiance response for three randomly selected individuals from each plot were 

measured (see details below). Lamina tissue samples were collected from three randomly selected 

individuals from each treatment for photosynthetic pigment and isotope analyses (see details 

below). In addition to basic morphological measurements, the distance of hole movement up the 

primary lamina, lamina volume, and stipe and lamina wet and dry weight (air dried and then dried 

for 48 hours in a 60°C drying oven) were measured.  

In situ irradiance at each depth was monitored for the duration of the experiment with 

integrating data loggers with cosine-corrected sensors (Odyssey Photosynthetic Irradiance 

Recording System, Dataflow Systems Pty Ltd, New Zealand). Loggers were mounted vertically c. 

20 cm above the seafloor on stainless steel rods embedded in the seabed with epoxy. To eliminate 

shading, all macroalgae within a one metre radius of the loggers was removed. A detailed 

description of logger calibration can be found in Chapter II. Total daily photon flux density (PFD) 

at 7 m depth was c. 4 times greater than at 16 m. Temperature at each depth was recorded every 30 
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minutes for the duration of the experiment by HOBO Pendent temperature loggers (±0.5°C, Onset 

Computer Corporation). Temperature at the study site was 24.4 ± 0.4°C and did not differ 

significantly between depths.  

 

6.2.3 Mesocosm experiment 

A mesocosm experiment was used to test the interactive effects of nutrient concentrations 

and irradiance on growth and productivity of E. radiata adults and to corroborate results obtained 

from the field experiment. In the factorial experiment, adult E. radiata (n = 3 per tank) were kept 

in 12 outdoor tanks and exposed to two light treatments (high and low light) and two nutrient 

treatments (ambient and enriched nutrients). This experiment ran from 4 April to 5 May, 2016 with 

36 E. radiata adult sporophytes collected from 5-7 m depth from Nordic Reef on 2 April 2016. 

Only healthy (no signs of discolouration or any major abrasions and grazed tissue) adult thalli of 

<0.8 m total length (stipe + laminae) were selected. Sporophytes were transported to the Leigh 

Marine Laboratory and held in shaded outdoor tanks (200 L, 67 cm diameter x 83 cm depth) with 

flow through ambient seawater from the adjacent coast in Leigh. All sporophytes were tagged for 

identification, randomly allocated to each of the 12 tanks, and attached to the bottom of tanks via 

the holdfast to ensure upright orientation. Frond movement and water circulation, which is crucial 

to minimizing surface boundary layers and distributing nutrients, was maintained by a tip-bucket 

system that dumps ~ 5 L seawater every 45-50 s (~ 400 L per hour) into each holding tank. 

Experimental tanks were located in a purpose-built shade house that reduced ambient incident 

irradiance (photon flux density, 400-700 nm [PAR]) to ~16%, simulating typical subtidal 

conditions at 6 m depth in the Leigh area (Rodgers et al.  2015).  

After an acclimation period of 48 h, morphological measurements were collected and each 

E. radiata was hole-punched as in the in situ experiment. Following initial measurements each tank 

was randomly assigned to one of the four experimental treatments in a randomized block design 

(i.e. four tanks [one for each treatment] in each of three blocks). To achieve low light levels similar 

to that of the in situ experiment, all low light tanks were covered in two additional layers of shade 

cloth which reduced incident irradiance by ~97% (see Appendix 6.B). For nutrient enrichment, 

Osmocote Plus® was ground into a fine powder and added to seawater to create a high concentration 

solution. High nutrient concentration seawater was slowly dripped into individual tip-buckets 

feeding each nutrient enrichment tank using a valve-controlled drip irrigation spike attached to a 

2-L bottle of the high nutrient concentration solution. This ensured that nutrients were well 

distributed throughout the tank rather than remaining at the top of tanks. Levels of nutrients (NH4
+, 

NO2
- + NO3

-, and PO4
3-) were significantly higher in enriched vs ambient tanks (Appendix 6.B). 
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NH4
+ and NO2

- + NO3
- concentrations were consistently elevated above ambient tanks being on 

average 2.7 and 2.3 times higher than that of ambient tanks, respectively. Though higher than 

ambient tanks overall, PO4
3- concentrations in enriched tanks were more similar to ambient tanks. 

Final morphological and photosynthetic measurements (outlined in the previous 

experiment) were taken on 5-7 May 2016. Tissue samples were taken from five randomly selected 

thalli from each treatment for pigment and isotope analyses. Incident irradiance (PFD) of each tank 

was monitored for the duration of the experiment with a PAR logger suspended in tanks just above 

the kelp laminae. Total daily photon flux density in the experiment was c. 3 times greater in high 

light tanks than low light tanks and similar among tanks in each treatment (see Appendix 6.B for 

details). Temperature was 19.9 ± 0.3°C and did not differ significantly among tanks throughout the 

experiment.  

 

6.2.4 Photosynthesis-irradiance parameters 

Photosynthesis-irradiance (P-E) curves were obtained for E. radiata at the end of each 

experiment using photorespirometry chambers and methods described in detail by Rodgers et al. 

(2015). Details on methodology are also described in Chapter III. In short, photosynthetic 

measurements were conducted using two replicate photorespirometry chambers in two 200 L 

indoor tanks under artificial lighting (LED; 6300 Lumen, Cree XM-L). For each thallus, P-E curves 

were determined by measuring dark respiration (Rd) and net photosynthesis at five irradiances of 

10-min duration each.  Respiration and photosynthesis rates were calculated from the linear slope 

of oxygen concentration over the dark and light phases of the incubation period, respectively. For 

each individual a P-E curve was fitted, and P-E parameters derived, using R (R: A Language for 

Statistical Computing, 2013, R Foundation for Statistical Computing, Vienna, Austria) following 

Webb et al. (1974) 

 

P = Pmax · (1 – e-αE/Pmax) 

 

where P is the net photosynthetic rate at any given photon flux density (E), Pmax is the maximum 

photosynthetic rate at saturating irradiances, α is the photosynthetic efficiency (i.e. the slope of the 

linear light-limited part of the curve), and E = incident irradiance. The saturation irradiance (Ek), 

which is the onset of light saturation estimated as Pmax/α, and compensation irradiance (Ec), the 

irradiance at which photosynthesis balances respiration estimated as Rd/α, were also calculated.  
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6.2.5 Tissue C and N 

One 2.5-cm diameter disk was cut from the basal secondary lamina of five randomly 

selected adults of E. radiata from each treatment in each experiment. Tissues were cleaned of 

epiphytes using 10 % HCl solution, dried at 60°C for 48 h, and then ground with a mortar and 

pestle to a fine powder. Tissue powder from the five samples from each site were combined into 

one sample and stored in 5-ml glass vials.  Samples were analysed at the Isotrace chemistry 

laboratory of Otago University, New Zealand, where they were combusted in a Carlo Erba NC2500 

elemental analyser (CE Instruments, Milan) and measured for C and N isotopes using a Europa 

Scientific 20/20 Hydra isotope ratio mass spectrometer (Europa Scientific, UK) in continuous flow 

mode. 

 

6.2.6 Photosynthetic pigment analysis 

To examine photosynthetic pigment content (chlorophyll a and c and fucoxanthin) in E. 

radiata at the end of both experiments, dimethyl sulphoxide (DMSO) extraction methods detailed 

by Seely et al. (1972) were used. Two 2.5-cm diameter disks were cut from the basal secondary 

laminae of individuals. Pigments were extracted from one disk from each pair by immersion in 4 

mL DMSO for 3-5 minutes in darkness and then 4 mL 90 % acetone for 1 hour in darkness. Extract 

absorbance at four wavelengths (480, 582, 631, and 660 nm for DMSO and 470, 580, 628, 661 nm 

for 90 % acetone) was determined spectrophotometrically (Shimadzu UV-2450) and standardized 

by absorbances at 750 nm. The resulting pigment content from the two extractions (DMSO and 90 

% acetone) were combined for each sample to give overall pigment content (mg g-1 dw) for each 

sample. The second disk from each thallus was dried at 60°C for 24 h until a constant dry weight 

was obtained. Wet to dry weight ratios from each sample were used to standardized pigment 

contents from corresponding thalli.   

 

6.2.7 Statistical analyses 

Three-way mixed model ANOVAs with the factors Depth (In situ experiment) or Light 

(Mesocosm) (fixed effect: high and low light), Nutrients (fixed effect: ambient and enriched), and 

Block (random effect) were used to investigate differences in biomass accumulation rates, overall 

lamina biomass, and photosynthetic parameters at the end of each experiment. Wald ChiSquare 

were used to identify an effect due to the random factor Block. Two-way ANOVAs with the factors 

Depth (In situ experiment) or Light (Mesocosm) (fixed effect: high and low light) and Nutrients 

(fixed effect: ambient and enriched) were used to investigate differences in photosynthetic pigment 

levels and NPP estimates for each experiment. All analyses were applied to the raw data unless 
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specified. Homogeneity of the variance was verified by examining the distribution of the residuals 

and referring to the Levene tests, whereas normality of the residuals was verified by examining the 

normal probability plot of the residuals and referring to the Shapiro-Wilk’s statistics (Snedecor & 

Cochran  1989). To detect difference among levels within a factor, Tukey HSD multiple 

comparison tests (comparisons based on least-square means) were used (Sokal & Rohlf  2012). A 

significance threshold of 0.05 was used for all statistical tests. All analyses were conducted with 

JMP 13.0.0 software.  

 

6.3 Results 

6.3.1 In situ experiment  

Biomass accumulation differed between depths and between nutrient treatments, however 

no interaction was observed (Table 6.1). BA was higher at 7 m than at 16 m, and on average BA 

was 1.6 times higher under N-enriched conditions compared to ambient conditions (Figure 6.1 A). 

Post-hoc pairwise comparisons suggested that differences between ambient and N-enriched 

conditions were greater at 16 m than 7 m (p = 0.0008). At 7 m depth BA was ~44% higher with 

nutrient addition, whereas at 16 m depth BA was 98% higher with nutrients added and similar to 

BA at 7m under ambient nutrient conditions. Final lamina biomass of E. radiata differed between 

depths but not nutrient treatments (Table 6.1). Individuals at 7 m had a higher biomass than 

individuals at 16 m (Figure 6.1 C). Though not significant, lamina biomass was marginally higher 

under N-enriched conditions compared to ambient conditions at both depths. NPP varied between 

depths and nutrient treatments with no interaction (Table 6.2). Estimates of NPP at 7 m were nearly 

3 times greater than that at 16 m (Figure 6.1 E). N-enrichment resulted in marginally higher NPP 

estimates (p = 0.064) than under ambient nutrient conditions.  

There were no significant effects of nutrient addition on photosynthetic parameters (Table 

6.3, Figure 6.2).  Rates of respiration (Rd) and photosynthetic efficiency (α) differed between 

depths, and there was a significant interaction between depth and nutrients for compensation 

irradiance (Ec) (Table 6.3). Rd at 7 m depth was higher, and α lower, than at 16 m, respectively 

(Figure 6.2 C, E). Ec was significantly higher at 7 m than 16 m depth (LS means, p < 0.0001). Ec 

was also significantly higher under ambient conditions at 7 m depth than N-enriched conditions 

(LS means, p = 0.028) whereas, at 16 m Ec were similar (LS means, p = 0.54) (Figure 6.3 I). 

Maximum rate of photosynthesis (Pmax) and saturation irradiation (Ek) were similar between depth 

and nutrient treatments (Table 6.3; Figure 6.2 A, G).  

Tissue from E. radiata had higher N content (c. 1.3 times higher) in enriched plots than 

ambient plots, but similar at both depths (Table 6.4).  Resulting C:N molar ratios were generally 
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higher under ambient conditions than N-enriched conditions. Chlorophyll a levels had a significant 

interaction between depth and nutrients (Table 6.5). Chlorophyll a levels were similar among all 

depth and treatments with the exception of 7 m ambient conditions where chl a was significantly 

lower than all others (Figure 6.3 A). Chlorophyll c and fucoxanthin content differed between depths 

but not nutrient treatments (Table 6.5). Both chl c and fucoxanthin concentrations were higher at 

16 m than 7 m (Figure 6.3 C, E).  Ratios of chl c:chl a and fucoxanthin:chl a did not differ between 

depths or nutrient treatments (Table 6.5; Figure 6.3 G, I). 

 

6.3.2 Mesocosm experiment 

Biomass accumulation differed between light treatments and between nutrient treatments, 

however no interaction was observed (Table 6.1). BA was higher in high light vs low light 

treatments, and was 1.6 times higher under N-enriched conditions than that of ambient conditions 

(Figure 6.1 B). In high light treatments BA was ~43% higher with nutrient addition whereas in low 

light treatments BA was ~98% higher with nutrients added, and similar to BA in high light 

treatments under ambient nutrient conditions. Final lamina biomass also differed between light 

treatments and between nutrients treatments, with no interaction between the two (Table 6.1). Both 

high light and enriched nutrient treatments had higher lamina biomass than low light and ambient 

nutrient treatments (Figure 6.1 D).  NPP was only related to light, and was c. 3.7 times greater 

under high light treatments than low light treatments (Table 6.2; Figure 6.1 F).  

All photosynthetic parameters, with the exception of Pmax, differed between light treatments 

but not that of nutrients (Table 6.3). Rd, Ek, and Ec were significantly higher under high rather than 

low light conditions, whereas α was higher under low light conditions (Figure 6.2 D, F, H, J). Pmax 

was similar among all treatments (Table 6.2; Figure 6.3 B).  

Tissue from E. radiata had higher N content (c. 15 to 20 % higher) in enriched tanks than 

ambient nutrients tanks (Table 6.4). Resulting C:N molar ratios were lowest under enriched N 

conditions. The response of chlorophyll a levels to nutrient enrichment varied between light 

treatments (Table 6.5). Chl a levels were highest under low light, enriched N conditions (LS means, 

p = 0.0018) (Figure 6.3 B). Chlorophyll c and fucoxanthin levels were higher in low light treatments 

than high light treatments and showed no difference between nutrient conditions (Table 6.5; Figure 

6.3 D, F). Ratios of chl c:chl a and fucoxanthin:chl a were generally higher in low rather than high 

light treatments and showed no difference between nutrient conditions (Table 6.5; Figure 6.3 H, J).  
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6.3.3 BA vs NPP 

To provide an indication of the proportion of photosynthetically assimilated carbon 

allocated to biomass production, observed BA was expressed as a percentage of estimated NPP. In 

both experiments, the % BA was higher under low light conditions than high light conditions 

(Figure 6.4). N enrichment increased these percentages in all cases. In the field experiment, N 

enrichment resulted in increases of % BA that were c. 8 times higher at 16 m depth than 7 m depth, 

whereas in the mesocosm experiment the effect of N-enrichment in low light conditions resulted 

in % BA that was c. 2.4 times higher than that under high light condition.  
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Table 6.1. Summary of three-way mixed model ANOVAs (applied to raw data) examining the 

effect of Depth or Light (fixed effect: 7 and 16 m or high and low light), Nutrients (fixed effect: 

ambient and enriched nutrients), and Block (random effect) on biomass accumulation and final 

biomass of Ecklonia radiata at the end of the experiments. Wald p-value relates to the random 

factor.  

Source of variation Wald p-value df df Den F-value p 

      

In situ experiment      

Biomass accumulation 0.59     

Depth  1 92.59 4.58 0.035 

Nutrients  1 3.65 21.00 0.013 

Depth × Nutrients  1 92.59 0.31 0.58 

      

Final lamina biomass 0.91     

Depth  1 94.60 24.32 <0.0001 

Nutrients  1 93.94 1.55 0.22 

Depth × Nutrients  1 95.15 0.049 0.82 

      

Mesocosm      

Biomass accumulation 0.28     

Light  1 7.05 14.38 0.0067 

Nutrients  1 7.05 12.45 0.0095 

Light × Nutrients  1 7.05 0.0042 0.95 

      

Final lamina biomass 0.061     

Light  1 7.35 5.67 0.047 

Nutrients  1 7.35 6.62 0.035 

Light × Nutrients  1 7.35 0.62 0.46 
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Table 6.2. Summary of two-way ANOVAs (applied to raw data) examining the effect of Depth (7 

and 16 m depth; in situ) or Light (high and low light; mesocosm) and Nutrients (ambient and 

enriched nutrient treatments) on the NPP of Ecklonia radiata. 

Source of variation df MS F-value p 

     

In situ experiment     

NPP (mg C g-1 dw)     

Depth 1 426.58 117.06 <0.0001 

Nutrients 1 12.76 3.50 0.064 

Depth × Nutrients 1 8.93 2.45 0.12 

Error 116 3.64   

Corrected total 119    

     

Mesocosm experiment     

NPP (mg C g-1 dw)     

Light 1  131.28 94.60 <0.0001 

Nutrients 1 0.028 0.021 0.89 

Light × Nutrients 1 0.93 0.67 0.41 

Error 116 1.39   

Corrected total 119    
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Figure 6.1. Mean (± SE) biomass accumulation (A, B), final lamina biomass (C, D), and NPP (E, 

F) of Ecklonia radiata at two depths (7 and 16 m) or exposed to high or low light and exposed to 

two nutrient regimes (ambient and enriched). Light treatments not bracketed by the same horizontal 

line are significantly different (LS means tests, p < 0.05). Asterisks denotes differences between 

nutrient treatments.  
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Table 6.3. Summary of three-way mixed model ANOVAs (applied to raw data or log-transformed 

data in the case of α) examining the effect of Depth or Light (fixed effect: 7 and 16 m [In situ 

experiment] or high and low light [Mesocosm experiment]), Nutrients (fixed effect: ambient and 

enriched nutrients), and Block (random effect) on photosynthetic parameters of Ecklonia radiata 

at the end of the experiments. Wald p-value relates to the random factor. 

Source of variation Wald p-value df df Den F-value p 

      

In situ experiment      

Pmax 0.18     

Depth  1 30 3.58 0.068 

Nutrients  1 30 0.73 0.40 

Depth × Nutrients  1 30 0.17 0.68 

      

Rd 0.52     

Depth  1 30 16.04 0.0004 

Nutrients  1 30 1.65 0.21 

Depth × Nutrients  1 30 0.28 0.60 

      

α      

Depth 0.88 1 30 4.25 0.048 

Nutrients  1 30 1.46 0.24 

Depth × Nutrients  1 30 1.02 0.32 

      

Ek 0.53     

Depth  1 30 0.53 0.47 

Nutrients  1 30 0.059 0.81 

Depth × Nutrients  1 30 0.21 0.65 

      

Ec 0.99     

Depth  1 30 28.87 <0.0001 

Nutrients  1 30 1.42 0.24 

Depth × Nutrients  1 30 4.29 0.047 

      

Mesocosm      

Pmax 0.70     

Light  1 27.89 1.18 0.29 

Nutrients  1 27.89 0.076 0.79 

Light × Nutrients  1 28.18 0.084 0.77 

      

Rd 0.63     

Light  1 28.12 10.05 0.0037 

Nutrients  1 28.12 1.62 0.21 

Light × Nutrients  1 28.35 0.29 0.60 

      

α 0.074     
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Light  1 28.01 6.37 0.018 

Nutrients  1 28.01 0.077 0.78 

Light × Nutrients  1 28.96 0.22 0.65 

      

Ek 0.16     

Light  1 28.46 5.76 0.023 

Nutrients  1 28.46 0.0005 0.98 

Light × Nutrients  1 29.09 0.62 0.44 

      

Ec 0.74     

Light  1 28.13 18.56 0.0002 

Nutrients  1 28.13 0.33 0.57 

Light × Nutrients  1 28.41 0.0016 0.97 
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Figure 6.2. Mean (± SE) rate of maximum photosynthesis Pmax (A and B), rate of respiration Rd (C 

and D), photosynthetic efficiency α (E and F), saturation irradiance Ek (G and H), and compensation 

irradiance Ec (I and J) of Ecklonia radiata at two depths (7 and 16 m) or exposed to high or low 

light and exposed to two nutrient regimes (ambient and enriched). Bars not sharing the same letter 

or light treatments not bracketed by the same horizontal line are significantly different (LS means 

tests, p < 0.05; n= 8-9 or 5 for each bar.  
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Table 6.4. Percent nitrogen content (% dry weight) and C:N molar ratio of Ecklonia radiata at the 

end of each experiment. Values are derived from tissue samples of five E. radiata blended together. 

Thalli were exposed to high or low light and ambient or enriched nutrients for 32 days. 

 

Source Nitrogen % C:N molar ratio 

   

In situ experiment   

7 m, N- 1.48 26.41 

7 m, N+ 1.96 20.53 

16 m, N- 1.46 26.58 

16 m, N+ 1.83 20.43 

   

Mesocosm   

High light, N- 1.00 37.49 

High light, N+ 1.25 29.45 

Low light, N- 0.96 38.32 

Low light, N+ 1.10 35.27 
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Table 6.5. Summary of two-way ANOVAs (applied to raw data) examining the effect of Depth or 

Light (fixed effect: 7 and 16 m [In situ experiment] or high and low light [Mesocosm experiment]) 

and Nutrients (ambient and enriched nutrient treatments) on photosynthetic pigment content of 

Ecklonia radiata at the end of each experiment. 

Source of variation df MS F-value p 

     

In situ experiment     

Chl a     

Depth 1 0.62 47.58 0.0001 

Nutrients 1 0.093 7.12 0.028 

Depth × Nutrients 1 0.16 11.95 0.0086 

Error 8 0.013   

Corrected total 11    

     

Chl c     

Depth 1 0.066 8.86 0.018 

Nutrients 1 0.00015 0.020 0.89 

Depth × Nutrients 1 0.015 1.98 0.20 

Error 8 0.0075   

Corrected total 11    

     

Fucoxanthin     

Depth 1 0.27 21.24 0.0017 

Nutrients 1 0.053 4.24 0.073 

Depth × Nutrients 1 0.012 0.92 0.37 

Error 8 0.013   

Corrected total 11    

     

Chl c:a     

Depth 1 0.00055 0.43 0.53 

Nutrients 1 0.0012 0.92 0.37 

Depth × Nutrients 1 0.000050 0.039 0.85 

Error 8 0.0013   

Corrected total 11    

     

Fucoxanthin:chl a     

Depth 1 0.0016 1.09 0.33 

Nutrients 1 0.00083 0.57 0.47 

Depth × Nutrients 1 0.0030 2.02 0.19 

Error 8 0.0015   

Corrected total 11    

     

Mesocosm     

Chl a     

Light 1   0.12 2.67 0.12 
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Nutrients 1 0.12 2.66 0.12 

Light × Nutrients 1 0.47 10.23 0.0056 

Error 16 0.046   

Corrected total 19    

     

Chl c     

Light 1 0.056 5.56 0.032 

Nutrients 1 0.036 3.53 0.078 

Light × Nutrients 1 0.0023 0.23 0.64 

Error 16 0.010   

Corrected total 19    

     

Fucoxanthin     

Light 1 0.29 24.21 0.0002 

Nutrients 1 0.011 0.88 0.36 

Light × Nutrients 1 0.054 4.41 0.052 

Error 16 0.012   

Corrected total 19    

     

Chl c:a     

Light 1 0.012 6.00 0.026 

Nutrients 1 0.0061 3.10 0.097 

Light × Nutrients 1 0.0081 4.12 0.059 

Error 16 0.0020   

Corrected total 19    

     

Fucoxanthin:chl a     

Light 1 0.043 49.62 <0.0001 

Nutrients 1 0.0019 2.18 0.16 

Light × Nutrients 1 0.0025 2.85 0.11 

Error 16 0.00086   

Corrected total 19    

     

 

  



  Chapter VI 

 

158 

 

 

Figure 6.3. Mean (± SE) chlorophyll a (A and B), chlorophyll c (C and D), and fucoxanthin (E and 

F) concentrations, and chlorophyll c:a (G and H) and fucoxanthin:chl a (I and J) ratios  of Ecklonia 

radiata at two depths (7 and 16 m) [In situ experiment] or exposed to high or low light [Mesocosm] 

and exposed to two nutrient regimes (ambient and enriched). Bars not sharing the same letter or 

light treatments not bracketed by the same horizontal bar are significantly different (LS means 

tests, p < 0.05; n= 3 or 5 for each bar of the in situ and mesocosm experiments, respectively). 
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Figure 6.4. Biomass accumulation (BA) as a percentage of net primary production (NPP) of 

Ecklonia radiata in each of the two experiments. 
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6.4 Discussion 

 During summer, the nitrogen content of Ecklonia radiata is very low and the evidence 

presented here suggests that growth, but not photosynthesis, is limited by the availability of N. In 

both experiments, nutrient enrichment had positive effects on the growth of E. radiata regardless 

of light conditions, but had no effect on photosynthetic parameters or estimates of net primary 

production (NPP). The proportion of photosynthetically assimilated carbon allotted to growth was 

greater in treatments with added nutrients, and this effect was proportionally larger under low light 

conditions. Proportional increases of biomass due to N-enrichment were also c. 8 (in situ 

experiment) and 2 (mesocosm) times greater under low light conditions when compared with high 

light conditions. The results of this study suggest that light plays an important role in the growth 

of tissues and potential NPP of E. radiata, and highlight the disproportionate effects of nutrients 

on plants growing in low light environments.  

 

6.4.1 Growth and productivity 

In both experiments, the growth rates of E. radiata were enhanced with nutrient enrichment 

regardless of depth or light conditions, confirming that growth is limited by N availability. While 

no significant interaction was observed between light and nutrient treatments in either experiment, 

the proportional increase in BA was much higher at low light suggesting that nutrient enrichment 

had greater positive effects on the growth of E. radiata under low rather than high light conditions. 

Growth rates doubled when nutrients were added under low light conditions, and were similar to 

that recorded under high-light conditions at ambient nutrients, suggesting a compensatory effect.   

Despite the large effect of nutrients on growth rates, this only translated into a small 

increase in total lamina biomass at the end of the experiments. This is likely an artefact of the low 

BA rates per day and the low net biomass accumulation relative to total lamina size. As a percentage 

of total lamina biomass, nutrient enrichment led to net gains of biomass that were 2-fold higher at 

low rather than high light. These small differences in the growth and maintenance of lamina 

biomass may make a substantial impact on the persistence of E. radiata in the long term. While 

previous studies have shown that an increase in N availability results in increased growth in kelps 

(Chapman & Craigie  1977; Gerard  1982a; North & Zimmerman  1984; Dean & Jacobsen  1986; 

Zimmerman & Kremer  1986; Henley & Dunton  1997; Stephens & Hepburn  2016), this is one of 

the first studies to show that the effects of nutrients on kelp can vary under different light conditions 

(also see Henley & Dunton  1997). 

Estimates of NPP in both experiments were not clearly influenced by nutrient enrichment. 

In the model, light, algal biomass, and photosynthetic parameters, Pmax and α, are used to estimate 
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NPP (Rodgers & Shears  2016). Inherently, the lack of any effect of nutrients on NPP in the current 

study is not unexpected given that there was no influence of nutrient enrichment on photosynthetic 

parameters (discussed below) and the changes in lamina biomass were relatively small. It is 

interesting to note that when rates of BA are converted into the same units as NPP using % carbon, 

estimates of BA were low, ranging from c. 0.6 to 1.5 mg C g-1 dw day-1. This comparison shows 

that E. radiata in low light conditions were allotting greater than 2 times more of the C available 

through photosynthesis to growth than those in high light. Furthermore, increases in the proportion 

of C put into growth due to N enrichment were substantially higher (c. 8 times in the in situ 

experiments and 2 times in the mesocosm) under low than high light. These results provide 

evidence that growth, rather than photosynthesis, is limited by nutrients, especially under high light 

conditions. Furthermore, the incorporation of proportionately more C into biomass accumulation 

in enriched treatments, suggests that the increase in nutrients are more quickly and directly utilised 

by E. radiata to boost growth under low light. This relationship was also shown in a concurrent 

study (Chapter IV) whereby BA of E. radiata in the Hauraki Gulf was often greater than NPP in 

seasons with high N availability.  

Nitrogen limitation in macroalgae is common, especially in seasons when seawater nitrogen 

concentrations are low (Hanisak  1979; Zimmerman & Kremer  1986; Brown et al.  1997). Tissue 

N levels of less than c. 1 % (Gerard  1982b) or C:N greater than 15 (Hanisak  1983) have been 

suggested as indicators of nitrogen maintenance levels in macroalgae whereby N levels are only 

high enough to maintain basic metabolic functions. Under these conditions, growth is greatly 

limited or halted all together. Tissue N levels greater than 2% suggest that growth is saturated by 

N availability. In the field experiment, E. radiata from plots with ambient nutrient conditions had 

N contents of 1.46-1.48 % while in the mesocosm experiment, E. radiata from ambient nutrient 

tanks had ≤ 1 % N content. Furthermore, in both experiments, % tissue N was always below 2 % 

and C:N was well above 15, regardless of nutrient treatment. These low tissue nitrogen values 

indicate that plants were limited by nitrogen and nearing the maintenance value for tissue nitrogen 

in some cases. The timing of experiments was chosen to coincide with naturally low ambient 

seawater nutrient concentrations (i.e. summer) when kelp are likely to be nutrient limited. The 

lower increases in tissue N content observed at the end of the mesocosm experiment when 

compared to the earlier in situ experiment were surprising given the overall lower % N level in E. 

radiata from the mesocosm experiment. This may be the result of delayed or reduced N uptake due 

to prolonged nitrogen-limitation as the mesocosm experiment was conducted at the beginning of 

autumn, when ambient seawater nutrients had just started to increase. Delayed or reduced uptake 

of N as a result of prolonged N exhaustion has also been demonstrated in the green alga 
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Chaetomorpha linum (McGlathery et al.  1996) and kelp Undaria pinnatifida (Gao et al.  2013) 

and suggested in Macrocystis pyrifera (Stephens & Hepburn  2016).  

 

6.4.2 Photoacclimation 

The acclimation of E. radiata to low light was clearly demonstrated in both experiments by 

the increased photosynthetic efficiency (α), decreased compensation irradiance (Ec), and higher 

concentrations of photosynthetic pigments (chl a, chl c, and fucoxanthin) under low light conditions 

(Falkowski & Raven  2007). Photosynthetic pigment levels were generally higher under low 

compared to high light conditions suggesting an acclimation response whereby pigment content is 

upregulated under low light (Falkowski & LaRoche  1991; Kirk  2011). The ratios of accessory 

pigments (e.g. chl c and fucoxanthin) to primary pigments (chl a) can also be an indication of 

photoacclimation to low light (Wheeler  1980; Falkowski & LaRoche  1991). However, the results 

of this study did not corroborate this. In the first experiment, pigment ratios were unaffected by 

light or nutrient treatments and in the mesocosm experiment a slight increase in pigment ratios was 

observed under low light. Respiration rate was generally lower under low light conditions which is 

consistent with a photoacclimation response to low light (Kirk  2011). As light decreases, thalli 

must become more efficient and expend less energy to optimize available resources. This sort of 

response was also shown in E. radiata by an increase in Rd with declining turbidity in the Hauraki 

Gulf (Chapter III) and higher Rd under high-light laboratory conditions than low-light (Chapter V).     

Given the positive effect of N enrichment on tissue nitrogen levels and BA rates, it is 

surprising that little effect of N enrichment on photosynthetic pigment content or P-E parameters 

was observed. Indeed, increases in pigment concentrations under N enrichment have been 

demonstrated in L. solidungula (Henley & Dunton  1997) and M. pyrifera (Shivji  1985; Stephens 

& Hepburn  2016). The exception to this was chl a content. In the in situ experiment, chl a 

concentrations were increased by N enrichment only at 7 m depth, whereas, in the mesocosm 

experiment, N enrichment enhanced chl a production only under low light conditions. This was 

also reflected in differences in compensation irradiance between nutrient treatments in the first 

experiment, where Ec decreased with N enrichment at 7 m depth and marginally increased at 16 m 

depth. Not only does N availability regulate pigment synthesis, increased N may enhance 

photosynthetic output by enhancing the efficiency of PSII (Turpin  1991). However, no difference 

in photosynthetic output (i.e Pmax) due to N enrichment was observed. Again, this may suggest that 

growth was more limited by N availability than photosynthesis, which is often the case for many 

higher plants (Chapin III  1980). Thus, the addition of N was put towards growth rather than 

photosynthetic components. Furthermore, though an increase in the % N of lamina tissues was 
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apparent in all nutrient enrichment treatments, these increases were relatively small and did not 

increase tissue nitrogen levels above 2% in any instance. It is possible that higher seawater nutrients 

or longer exposure of plants to enrichment may have had an impact on photosynthetic pigment 

content, photosynthetic parameters, and ultimately NPP. 

 

6.4.3 Study limitations 

 This study used two different experimental approaches that yielded similar results regarding 

the relative effects of light and nutrients on kelp. The in situ experiment used E. radiata at two 

different depths as a proxy for different light regimes. These plants therefore have morphological 

and physiological differences associated with acclimating to their individual environments. For 

example, shallow plants are acclimated to high light conditions and are typically exposed to higher 

hydrodynamic forces whereas, deeper plants are acclimated to low light and are exposed to less 

hydrodynamic stress. Most evidently, lamina biomass of E. radiata at 7 m was significantly higher 

than at 16 m, which may influence photosynthetic parameters and estimates of NPP (Chapter III, 

Rodgers et al.  2015).  

The mesocosm experiment used kelp collected from the same depth, and therefore had 

similar acclimation histories, morphology, and biomass prior to the experiment.  In this experiment 

there were however stressors associated with holding macroalgae in tanks, especially during 

summer when seawater temperatures are high (see Chapter V). Thus, it is likely that E. radiata in 

the mesocosm experiment experienced more stress than those from the in situ experiment. Though 

both experiments showed similar results, increased stress in the mesocosm experiment may have 

limited the effects of N enrichment on growth and productivity.    

 

6.4.4 Ecological implications and conclusions  

Declines in benthic irradiance in the coastal zone due to anthropogenic land-use changes 

and increases in terrigenous inputs will inevitably have adverse costs for key benthic primary 

producers such as kelp. However, associated increases in seawater nutrients such as N, which is a 

naturally limiting resource for macroalgal production, may enhance the ability of slow-growing 

foundational species such as kelp to grow under low light conditions. In the current study, N 

enrichment had positive effects on the growth of E. radiata under both high and low light 

conditions, though these effects were greater under low light. The results presented here suggest 

that, by increasing tissue growth, enhanced N availability helps to alleviate some of the stresses 

associated with decreased light availability enabling E. radiata to persist in turbid areas. While 
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these mechanisms may facilitate the persistence of E. radiata in low light conditions, the overall 

NPP and biomass remains considerably reduced compared to high light sites.  

It should also be considered that, though increased nutrients due to human activities on the 

land may be beneficial to the persistence of E. radiata, it may also lead to distinct shifts in 

communities by liberating opportunistic species from N limitation, such as turfing species, that 

often respond more rapidly to enhanced nutrients than Laminariales (Gorgula & Connell  2004; 

Russell et al.  2009; Harpole et al.  2011; Falkenberg et al.  2013). Differences in photosynthetic 

and metabolic rates may allow these competing species to rapidly occupy available space, thereby 

inhibiting the recruitment of kelp and, ultimately, preventing the recovery of canopies following 

regular disturbances (Airoldi et al.  2008; Gorman & Connell  2009; Gorman et al.  2009; Connell 

& Russell  2010; Kraufvelin et al.  2010). Progressing into the future, there is a growing need for 

integrative, holistic studies that consider the effects of co-varying environmental parameters on 

species and communities, especially given that changes in the environment associated with 

anthropogenic activities and climate change are occurring at variable rates and intensities in time 

and space.  
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Appendix 6.A 

 

In situ nutrient enrichment effectiveness: pilot study 

To assess how artificial enrichment using slow release Osmocote Plus® fertilizer affected 

enriched plots and surrounding seawater nutrient concentrations, a pilot study was conducted in 

which three experimental plots were enriched with Osmocote Plus ® fertilizer. Details of plot setup 

can be found in the Materials and methods section. Three days following set up of enriched plots, 

triplicate seawater samples were taken from the centre of each plot and one, three, five and 20 m 

away from enrichment plots. 

Analysis of seawater nutrients revealed that enrichment of experimental plots led to NH4
+ 

and NO2
- + NO3

- concentrations that were elevated above ambient concentrations being on average 

4.6 and 1.4 times that of ambient concentrations (Figure 6.A1). Levels gradually decreased to 5 m 

from the nutrient source at which point nutrient levels were similar to that of ambient 

concentrations. Concentrations of PO4
3- did not differ from ambient conditions 

 

Figure 6.A1. Mean (+ SE) seawater nutrient concentrations (NH4
+, NO2

- + NO3
-, and PO4

3-) of 

nutrient enriched plots within plots, and one, three, five, and 20 m away from the nutrient 

enrichment source (n = 9 for each bar).  
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Appendix 6.B 

 

Summary of light and nutrients levels  

 

 

Figure 6.B1. Mean (+ SE) total daily photon flux density (mol photons m-2 day-1) at each depth of 

the in situ experiment and in each light treatment of the mesocosm experiment. Bars not sharing 

the same letter are different (LS means tests, p < 0.05; n= 30 for each bar). 
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Table 6.B1. Summary of two-way ANOVAs (applied to raw data) examining the effect of Depth 

(7 and 16 m depth; in situ experiment) or Light (high and low light; mesocosm) and Nutrients 

(ambient and enriched nutrient treatments) on seawater NH4
+, NO2

- + NO3
-, and PO4

3- 

concentrations (µM). 

Source of variation df MS F-value p 

     

In situ experiment     

NH4
+     

Depth 1 0.0066 0.054 0.82 

Nutrients 1 38.94 319.99 <0.0001 

Depth × Nutrients 1 0.011 0.093 0.76 

Error 16 13.00   

Corrected total 19    

     

NO2
- + NO3

-     

Depth 1 0.0034 0.34 0.57 

Nutrients 1 3.31 334.21 <0.0001 

Depth × Nutrients 1 0.00050 0.051 0.82 

Error 16 0.0099   

Corrected total 19    

     

PO4
3-     

Depth 1 0.0089 1.26 0.28 

Nutrients 1 0.058 8.22 0.011 

Depth × Nutrients 1 0.0044 0.63 0.44 

Error 16 0.0071   

Corrected total 19    

     

Mesocosm experiment     

NH4
+     

Light 1 0.22 1.22 0.29 

Nutrients 1 30.50 166.06 <0.0001 

Light × Nutrients 1 0.0033 0.018 0.90 

Error 12 0.18   

Corrected total 15    

     

NO2
- + NO3

-     

Light 1 0.28 13.90 0.0029 

Nutrients 1 9.23 452.23 <0.0001 

Light × Nutrients 1 0.030 1.46 0.25 

Error 12 3.18   

Corrected total 15    

     

PO4
3-     

Light 1 0.025 19.05 0.0009 
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Nutrients 1 0.013 9.72 0.0089 

Light × Nutrients 1 0.0060 4.61 0.053 

Error 12 0.014   

Corrected total 15    

     

  



  Chapter VI 

 

169 

 

 

 

 

 

Figure 6.B2. Mean seawater NH4
+ (A, B), NO2

- + NO3
- (C, D), and PO4

3- (E, F) concentrations 

(µM) ± SE in the in situ and mesocosm experiments. Each point in each plot represents the average 

of water samples taken from each plot or tank within a given treatment (n = 3).  
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CHAPTER VII 

General discussion 

 

7.1 Study rationale 

Increasing turbidity in coastal waters poses a major threat to benthic primary producers and 

the food webs they support. Yet, despite substantial increases in turbidity due to human land-use 

practices in the past decades, the effects of turbidity on key foundational species, such as kelp, have 

been largely neglected in the scientific literature (but see Aumack et al.  2007; Shepherd et al.  

2009; Desmond et al.  2015). Understanding the response mechanisms of macroalgae to their 

current environments is requisite to elucidating the impacts of future environmental shifts 

associated with anthropogenic impacts and climate change on a local and global scale. The overall 

aims of this thesis were to understand the ability of kelp to acclimate and respond to a degrading 

light environment, and examine how kelp forest distribution and productivity is ultimately 

impacted by increases in turbidity. This study used a holistic approach that combined the use of 

field studies and observations with carefully designed mesocosm experiments to assess the effects 

of decreased light on subtidal kelp. The acclimation response, distribution, and productivity of the 

subtidal kelp Ecklonia radiata were quantified across a turbidity gradient in north-eastern New 

Zealand, while mesocosm experiments were used to test specific hypotheses, pertaining to light 

limitation, developed from field observations. 

 

7.2 Chapter summaries and discussion 

7.2.1 Chapter II: Morphological and photosynthetic acclimation 

In order to make robust assessments of kelp productivity and their contribution to coastal 

primary production, a better understanding of spatial and temporal patterns of photoacclimation in 

subtidal kelps is required. Chapter II investigated the effects of turbidity, and the resulting decline 

in benthic irradiance, on the photoacclimation response and morphology of E. radiata in the 

Hauraki Gulf. Morphology varied along the turbidity gradient; low turbidity (high-light) sites were 

characterized by long stipes (> 70 cm) and laminae with high surface area to volume ratios, whereas 

high turbidity (low-light) sites had relatively short (< 40 cm) stipes and low surface area to volume 

ratios. Among the environmental variables measured, light was found to be the dominant driver of 

variation in morphology among sites. Photoacclimation of E. radiata to low light at inner Gulf sites 

was demonstrated by increased photosynthetic efficiency (α) and photosynthetic pigment content. 

Maximum rates of photosynthesis (Pmax) were directly related to thallus morphology, specifically 
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surface area to volume ratios, rather than cellular acclimation. It is well documented that Pmax is 

higher in algal species with high surface area to volume ratios (Enríquez et al.  1996).  

Perhaps the most unusual finding of this chapter was the positive relationship between light 

across the study sites and both surface area to volume ratios and Pmax per unit biomass. A common 

acclimatory response to decreased photon flux density in leaves is a decrease in thickness (Givnish  

1988) and hence an increase in surface area:volume (SA:V). This has previously been shown for 

E. radiata across light gradients (Miller et al.  2006) and depths (Rodgers & Shears  2016); with 

low light or deeper plants typically having higher alpha, Pmax and SA:V. The lower SA:V and Pmax 

at the low light sites is therefore contrary to this pattern observed across depths.  The positive 

relationship of SA:V with light in the current study may reflect a cost-benefit trade-off, whereby 

E. radiata at high light sites have more energy to put into the development of new tissues, whereas 

E. radiata at low light sites put more energy into maintaining the tissues they have.  The lower 

SA:V ratios at the more turbid sites also suggest thicker cortical tissue. The reasoning behind the 

thicker cortical tissues of E. radiata from inner Gulf sites when compared to outer Gulf sites is 

beyond the scope of this thesis however, it may be a mechanism for reducing tissue erosion at low 

light sites.  

 

7.2.2 Chapter III: Seasonal photosynthetic response 

 Chapter III investigated how the photosynthesis-irradiance response and photosynthetic 

pigment content of the kelp E. radiata varied both spatially and seasonally across the turbidity 

gradient in the Hauraki Gulf. Photosynthetic parameters and pigments showed clear seasonal 

patterns across all sites as demonstrated by higher photosynthetic pigment levels and 

photosynthetic efficiency (α) occurring in autumn and winter, and higher maximum rates of 

photosynthesis (Pmax) and respiration (Rd) occurring in summer. Evidence suggested that declines 

in Pmax and increases in Rd from spring to summer were associated with increased stress from 

nitrogen (N) limitation and high seawater temperatures occurring at the end of summer. As in 

Chapter II, decreases in light across the turbidity gradient were coupled with increases in 

photosynthetic pigment levels and α, and decreases in Rd, and saturation (Ek) and compensation 

(Ec) irradiances, in E. radiata across all seasons. The spatial and temporal patterns shown in this 

chapter are generally characteristic of a photoacclimation response and highlight the high degree 

of seasonality in photosynthetic parameters. 

Alteration of photokinetics is a key survival strategy of macroalgae and is crucial to 

maintaining growth, production, and broad geographic distributions while living under highly 

dynamic environmental conditions (Kirk  2011). The combined results of Chapters II and III stress 
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the importance of considering the influence of both variation in morphology and photosynthetic 

performance over broad spatial and temporal scales when assessing the impacts of turbidity on 

kelp. Ecklonia radiata showed a clear ability to acclimate to low light at turbid sites and in low-

light seasons by increasing photosynthetic pigment levels and α, and decreasing Ec.  

 

7.2.3 Chapter IV: Distribution, growth, and productivity 

In Chapter IV, the vertical distribution, growth, and productivity of E. radiata was 

quantified across the turbidity gradient in the Hauraki Gulf to assess the impacts of turbidity on 

kelp forests. Growth was monitored using the “hole-punch” method described by Mann and 

Kirkman (1981) to estimate gross biomass accumulation (BA) whereas, potential net primary 

production (NPP) was modelled using information on seasonal photosynthetic parameters (Chapter 

III) and site-specific light data. The distinct declines of E. radiata populations at the most turbid 

sites, along with reduced BA and NPP, clearly demonstrates that decreased light as a result of 

increased turbidity has adverse costs for E. radiata populations in the inner Hauraki Gulf. In these 

locations, species more tolerant to low light (e.g. C. flexuosum) may outcompete E. radiata.  

This study is the first to compare estimates of kelp primary production via tissue growth to 

potential net primary productivity, based on photosynthetic performance, over broad spatial (> 100 

km turbidity gradient) and temporal (seasonal) scales. Biomass accumulation (growth) and the 

assimilation of C through photosynthesis are functionally distinct processes that highlight different 

aspects of C production and utilization. Across the entire year, growth of E. radiata across sites 

was positively related to light. However, in some seasons, particularly summer and autumn, growth 

was uncoupled from light availability. This highlights the importance of other environmental 

variables in driving changes in growth and overall biomass. In summer and autumn, growth did not 

appear to be limited by photosynthesis or light, but rather nitrogen availability. In contrast, in 

seasons when nutrients were abundant, observed tissue growth was higher than estimated NPP. 

This emphasizes that when N is available all resources are put into the development of tissues, 

which may require the use of stored C as well as that assimilated through photosynthesis. This may 

be a mechanism that enables kelp to grow and persist in more turbid, high nutrient, environments 

characteristic of populated coastal areas. The relative effects of light and nutrients on BA and NPP 

at clear and turbid sites can are summarised in Table 7.1. 

Annual growth of E. radiata at the most turbid sites was higher than estimated NPP over 

the year. This may suggest that in some years these plants rely more heavily on stored C, which 

may reduce the C available for other important physiological and ecological processes. Conversely, 

at outer Gulf sites, where annual NPP was higher than observed growth, excess C assimilated 
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through photosynthesis may be beneficial to individuals and populations by enhancing secondary 

metabolite production, reproductive output, or growth (when N is not limiting). Alternatively, the 

extra C produced through photosynthesis may simply be lost to the surrounding seawater as 

dissolved organic carbon (DOC) which may be used by bacteria (Berman-Frank & Dubinsky  1999) 

or exported to open ocean waters (Barrón & Duarte  2015). Loss of DOC was not directly monitored 

in the current study and is a potential avenue for future research. It is also important to note that 

estimates of modelled NPP assume resources such as N are not limiting for photosynthesis. Yet 

given the results of Chapter VI, N does not seem to be limiting for photosynthesis in E. radiata, 

even in low N seasons.  

 

7.2.4 Chapter V: Low light stress 

The results of Chapters II – IV provide further evidence that the degradation of the light 

environment in coastal marine ecosystems has a significant impact on kelp. Yet, our understanding 

of how the temporal distribution of light under light-limiting conditions affects the physiology and 

productivity of key benthic primary producers is limited. In Chapter V, laboratory experiments 

were used to compare the low-light tolerance of two canopy-forming macrophytes that vary in their 

distribution in relation to turbidity, and investigate how the temporal delivery of light, i.e. press vs 

pulse low-light disturbance, affects overall net primary productivity.  The results provided clear 

evidence that the kelp E. radiata, which dominates reefs with low turbidity, is more productive per 

unit biomass under high-light conditions than C. flexuosum, which typifies more turbid waters. As 

light declined below ~ 1% of surface irradiance, E. radiata suffered greater tissue loss and had 

lower NPP than C. flexuosum. Furthermore, press and pulse disturbances resulted in differential 

effects on each species. E. radiata showed significant losses of lamina biomass and reduced NPP 

under both Press and Pulse treatments. In contrast, C. flexuosum showed net growth under Press 

disturbance, and only lost tissue and had reduced NPP under Pulse disturbance. The greater 

tolerance of C. flexuosum to increased turbidity, and differential responses of E. radiata and C. 

flexuosum to press and pulse low-light conditions, suggest that C. flexuosum may become more 

dominant with future increases in turbidity. The implications of a shift from kelp-dominated to 

fucoid dominated communities are largely unknown however, the research presented here suggests 

that this shift may result in lower primary production on coastal reefs.  

 

7.2.5 Chapter VI: Light vs nutrients 

In Chapter VI, the interactive effect of low light and increased nutrient availability on the 

growth and physiological response of E. radiata was investigated using field and mesocosm 
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experiments. Nutrient enrichment had positive effects on the growth and biomass accumulation of 

E. radiata in light treatments of both experiments, though the increases were proportionally higher 

under low light conditions. This resulted in similar rates of growth in E. radiata under low-light, 

N-enriched treatments and high-light, ambient N treatments.  In contrast, the ability of E. radiata 

to photosynthetically acclimate to low light was not affected by nutrient availability suggesting that 

photosynthesis was not limited by nitrogen. Modelled net primary production (NPP) was also only 

affected by light and was over 2-times greater in high light treatments than low light treatments. In 

low light conditions, E. radiata allocated a higher proportion (greater than 2-times) of assimilated 

C to growth compared to those in high light conditions. These results indicate that growth, rather 

than photosynthesis, in E. radiata is limited by N availability, which was also supported by the 

results of Chapter IV. The greater proportional increases in growth with nutrient enrichment at low 

light may be indicative of low-light coping strategy whereby E. radiata invest more energy into 

the development of photosynthetically active tissues in order to increase photosynthetic potential. 

Thus, increased N availability associated with increased turbidity may act to alleviate some of the 

stresses associated with living under low light and facilitate the persistence of E. radiata in turbid 

environments.  

 

7.3 Study limitations 

7.3.1 Measuring photosynthesis-irradiance response in situ vs under laboratory conditions 

 The measurement of P-E curves of whole, adult kelp under artificial lighting has been 

shown to influence the resulting photosynthetic parameters when compared to in situ  

measurements under natural light (Rodgers et al.  2015). Generally, the limited dispersion of light 

in tanks and substantial gradients of light from the top to bottoms of tanks results in a lower 

measured Pmax and, in some cases, lower α. These effects are often greatest in large individuals 

where significant self-shading of lamina fronds reduces photosynthetic output. This was observed 

in Chapter III, when comparisons were made among P-E curves measured in situ and in the 

laboratory under artificial light. Steps were taken in the current study to enhance the artificial light 

environment and reduce its negative effects on photosynthetic parameters. High powered LED 

lights, rather than halogen lights used by Rodgers et al. (2015), were used in the current study and 

resulted in higher PFDs and a reduced gradient of light from the top of tanks to the bottom. 

Inevitably, self-shading of fronds was still accentuated by artificial light conditions as light was 

delivered from one direction (above the tanks) whereas in situ underwater light is scattered and 

spread from multiple directions (Kirk  2011). Furthermore, differences in the spectral composition 

of artificial light and solar irradiance may lead to variation in the photosynthetic performance of 
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kelp (Kirk  2011). Comparisons between field and laboratory measurements in Chapter III 

indicated that Pmax was the photosynthetic parameter most affected by artificial lighting. The 

resulting differences between in situ and laboratory-derived photosynthetic parameters may impact 

estimates of NPP as Pmax was shown to be an important driver of NPP estimates (Rodgers & Shears  

2016). Specifically, estimates of NPP for kelp from high light sites may be more affected than those 

from low light sites due to differences in thallus morphology and increased biomass.  

 

7.3.2 Restriction of sampling size and frequency in situ 

 Using the photorespirometry chambers in situ requires both time and suitable conditions. 

The broad geographic distribution of the study sites and limited days of suitable sampling 

conditions restricted the use of chambers in situ to the summer time, when day lengths are long, 

and often only one day of sampling per site. Three replicate chambers were deployed 

simultaneously at each site and required c. 90 minutes to set up and run through the full suite of 

light levels required to produce P-E curves. Under optimal conditions, this allowed for three runs 

of three replicates to be done in one day. Thus, in situ P-E curves were generally derived from nine 

individuals per site. Because of the logistical constraints of using the photorespirometry chambers 

in situ, seasonal comparisons of P-E curves were limited to laboratory settings. This allowed for 

higher replication and ensured that all seasons were sampled despite weather conditions but may 

have resulted in altered photosynthetic parameters in some cases, as discussed above. Seasonal 

estimates of NPP could also be refined further by sampling multiple times throughout each season, 

rather than only the beginning and end of seasons, as done in the current study. Photoacclimation 

in macroalgae can occur on relatively short time scales (days to weeks) (Falkowski & LaRoche  

1991; Falkowski & Raven  2007; Kirk  2011), thus increased sampling frequency would help to 

improve the precision of modelled NPP.  

 

7.3.3 Mesocosm experiments 

 Mesocosm experiments are a valuable method for investigating the effect of single or 

multiple interacting stressors on kelp performance. By controlling environmental conditions and 

manipulating those of interest, mesocosm experiments help to tease apart the specific effects of a 

given condition. However, tank experiments are not without limitations. Chapters V and VI used 

mesocosm experiments to assess the effects of low light on kelp forests. In Chapter V the influence 

of the temporal delivery of light on kelp performance was assessed and in Chapter VI, the influence 

of enriched nutrients on the physiological performance of kelp in low light was quantified.  While 

the results of these studies furthered our understanding of low light coping mechanisms in kelp, 
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caution is advised when extrapolating the findings due to the higher level of stress apparent in E. 

radiata held in tanks. E. radiata is particularly sensitive to tank environments likely due to subtle 

differences in temperature and hydrodynamic forces in tanks compared with in situ environments. 

Stress of E. radiata is indicated through a noticeable increase in tissue sloughing and, in some 

cases, the release of phlorotannins. In the laboratory setting, though fresh seawater is in constant 

supply via a flow through seawater system, water entering tanks is often c. 1-2C higher than that 

in situ. Tip-buckets help to alleviate stress associated with low water movement and the build-up 

of diffusive boundary layers, which limits the uptake of nutrients by tissues, but is limited in its 

capacity to mimic the hydrodynamic forces experienced by kelp in situ. An increase in stress may 

impact the ability of individuals to acclimate to their given light environments and may partially 

explain why acclimation to light was generally not observed in E. radiata from experiments in 

Chapter V. Despite the limitations of mesocosm experiments the results of Chapters V and VI are 

generally consistent with the results from field studies and provide valuable information regarding 

low-light coping mechanisms in kelp and large fucoids.   

 

7.4 Broader implications 

7.4.1 Photoacclimation 

This study is unique in that the physiological and morphological photoacclimation abilities 

of E. radiata were studied concurrently and on a large spatial scale. The findings highlight the 

importance of thallus morphology, and the interaction of morphology with the natural environment, 

in mediating the photokinetic response of E. radiata to variable light conditions. Acclimation 

attributes have an important influence on the functioning and productivity of a species under 

specific environmental conditions (Häder & Figueroa  1997; Johansson & Snoeijs  2002; 

Middelboe et al.  2006; Rodgers & Shears  2016). To date, the interaction of such morphological 

and physiological acclimation strategies have not been considered in estimates of kelp productivity 

(but see Rodgers & Shears  2016), however these findings suggest this should be an essential 

consideration when assessing spatial and temporal patterns of productivity.   

 

7.4.2 Turbidity and kelp forests 

 Light availability is widely acknowledged as a crucial structuring factor of marine 

ecosystems (Kain  1979; Dayton  1985a; Markager & Sand-Jensen  1992; Johansson & Snoeijs  

2002; Gattuso et al.  2006). How an ecosystem responds to changes in light will depend not only 

on the culmination of daily, seasonal, and annual variability in light, but interactions with other 

environmental parameters. Thus, in order to understand how ecosystems will respond to 
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degradation in the light environment, these processes must be examined on large spatial and 

temporal scales. The large spatial and seasonal variation in the photoacclimation response, 

distribution, growth and productivity of E. radiata observed in the current study, allows for a better 

understanding of the parameters controlling the health and persistence of kelp forests. This body 

of work corroborates the growing evidence for global declines of macroalgal canopy species due 

to water quality degradation (Benedetti-Cecchi et al.  2001; Connell et al.  2008; Pehlke & Bartsch  

2008; Gorman & Connell  2009; Burrows  2012; Strain et al.  2015), while specifically highlighting 

the importance of light as a primary factor influencing the health and productivity of kelp forest 

populations. The unwavering development and use of coastal landscapes worldwide (Nicholls & 

Small  2002), along with predicted increases in storm intensity and frequency, precipitation, and 

rising sea levels (Thrush et al.  2004; Seers & Shears  2015), mean that the effects of turbidity on 

marine ecosystems will escalate in the future. Furthermore, increased glacial melt as a result of 

global warming contributes to rising sea levels and the input of trapped terrigenous matter in polar 

seas (Cowan  1992; Turner et al.  2009; Neal et al.  2010; Ducklow et al.  2013; Deregibus et al.  

2016).  

The focus of this thesis was the effect of reduced light, as a result of increased turbidity, on 

kelp, however, turbidity and sedimentation involve a number of abiotic variables that have a wide 

array of effects on canopy-forming macroalgae (Airoldi  2003). One primary of example identified 

in this thesis is the interaction between nutrients and light in turbid environments. In clear, pristine 

waters nutrients are often the limiting factor for growth and production (Table 7.1), whereas in 

turbid areas, where light is low and nutrients are high, this paradigm shifts and light becomes 

limiting. Despite the benefits that nutrients may have on kelp growth, low light-light stress will 

inevitably facilitate the reduction of kelp and its possible replacement with more low-light tolerant 

species. Hence, in a future with more turbid waters we will likely see a reduction in primary 

production and eventually the replacement of kelp forests by alternate states.  

To add to this, for some species, even thin layers of settled sediment on their fronds can 

inhibit photosynthesis by impeding the transfer of vital nutrients and light energy from the seawater 

to the macroalgae, ultimately resulting in decreased productivity (Airoldi & Cinelli  1997; Airoldi  

2003; Eriksson & Johansson  2005). This may compound the effects of low light availability on 

subtidal macroalgae. Furthermore, high levels of suspended and deposited sediments can 

negatively impact the diversity and abundance of macroalgae by excluding intolerant species (Daly 

& Mathieson  1977), inhibiting settlement of reproductive phases (Dayton  1975; Devinny & Volse  

1978), or reducing performance and survival (Seapy & Littler  1982; Branch et al.  1990; Chapman 
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& Fletcher  2002). These are factors that may also contribute to the establishment of C. flexuosum 

forests in place of E. radiata forests in the inner Hauraki Gulf, which was shown in Chapter IV.   

 

7.4.3 Interaction with climatic stressors 

 Reductions of macroalgal canopies and habitat shifts are attributed to the complex 

interactions between local anthropogenic stressors and global climatic changes (Steneck et al.  

2002; Crain et al.  2008; Wahl et al.  2011; Strain et al.  2014). Identifying and quantifying the 

strengths and interactions between these stressors is important to understanding how ecosystems 

will be affected in the future (Russell et al.  2009; Strain et al.  2014). Temperature, in particular, 

is known to be a key driver of large-scale growth patterns and production of kelp (Dayton  1985a; 

Staehr & Wernberg  2009; Bearham et al.  2013). In Chapter III it was found that the rate of 

respiration of E. radiata showed seasonal patterns that were related to sea temperature. In summer, 

when sea temperature is highest, the relationship of Rd with underwater light turned from positive 

to negative, suggesting an interaction between variables whereby under high temperatures, low-

light environments become more stressful. Both elevated sea temperature and reduced light have 

been predicted to reduce NPP (Bearham et al.  2013). This suggests that under conditions of high 

temperature and/or low light, kelps may be more vulnerable to additional stressors and disturbances 

(Staehr & Wernberg  2009; Bearham et al.  2013; Rodgers  2014; Strain et al.  2015). Though 

increases in sea temperature have been relatively small in north-eastern New Zealand (Shears & 

Bowen  2017), elevated sea temperatures and heat waves have been documented globally and 

associated with large-scale declines in macroalgal canopies (Serisawa et al.  2004; Connell & 

Russell  2010; Wernberg et al.  2011; Smale & Vance  2014). Conceivably, in areas afflicted with 

rising sea temperatures, increases in turbidity will have negative synergistic effects on subtidal 

communities.  

It is also apparent that the interaction between turbidity, eutrophication and climate change 

elicit different response mechanisms in different macroalgae (Raven & Beardall  2003; Connell & 

Russell  2010; Hepburn et al.  2011; Falkenberg et al.  2013). This is likely to increase the 

competitive ability of opportunistic, ephemeral species, which can form an alternative stable state 

and inhibit the recovery of kelp forests (Russell et al.  2009; Moy & Christie  2012; Falkenberg et 

al.  2013). For example, the recent transition of rocky reefs communities in Norway from kelp, 

Saccharina latissima, dominated forests to turf-dominated barrens is largely attributed to the 

interaction between increased eutrophication and elevated sea temperatures (Moy & Christie  

2012). Differences in photosynthetic and metabolic rates allow turf algae to rapidly occupy 

available space, inhibiting the recruitment of canopy species and, ultimately, preventing the  
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Table 7.1 Summary of the relative effects of light and nutrient availability on the growth and productivity of Ecklonia radiata in clear and turbid 

waters in the Hauraki Gulf. NPP, net primary production; BA, biomass accumulation; H, high; M, medium; L, low; -, negative 
 

 Clear  Turbid 

 Light Nutrients NPP BA Limiting 

factor 

 Nutrients NPP BA Limiting 

factor  
          

Season           

Spring M M M H None  H M M Light 

Summer H L H H Nutrients  H H H None 

Autumn M L M L Nutrients  H - L Light 

Winter L H L M Light  H L L Light 
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recovery of canopies following regular disturbances (Airoldi et al.  2008; Gorman & Connell  2009; 

Gorman et al.  2009; Connell & Russell  2010; Kraufvelin et al.  2010). Such changes in the 

abundance and identity of habitat-forming species has consequences for ecosystem functioning 

(Jones et al.  1994). There is, therefore, a growing need to understand the implications of habitat 

shifts under future climate scenarios. For example, evidence from the current study suggests that if 

C. flexuosum becomes the dominant canopy-forming species in the Hauraki Gulf under conditions 

of elevated turbidity, then overall coastal NPP will be reduced. The effects of co-occurring stressors 

on macroalgae communities are poorly understood (Wernberg et al.  2012), which calls for the need 

to prioritize studies that investigate the interactive effects of local and global stressors on multiple 

species. 

Maintaining current, or re-establishing lost, populations of foundational benthic primary 

producers, such as kelp, will require management strategies that mitigate the effects of multiple 

stressors. Global climatic changes, such as rising sea levels and seawater temperatures, shifts in 

weather patterns, and ocean acidification are driven by complex processes that would require 

global-scale collaboration in order to combat (Brown et al.  2013). Thus, it may be more effective 

to focus intervention efforts on localised stressors, such as turbidity and eutrophication (Gorman 

& Connell  2009; Russell et al.  2009; Brown et al.  2013; Strain et al.  2014). Indeed, reductions 

in localized stressors are easier to manage and may enhance the resilience of canopy-forming 

macroalgae to global climatic threats (Strain et al.  2014). For example, Strain et al. (2015) found 

that reducing sediment load increased the density and survival of the canopy-forming fucoid, 

Cystoseira barbata, from La Vela in the Adriatic Sea, especially under increased seawater 

temperatures. Hence, developing mitigation strategies that focus on specific local anthropogenic 

stressors could be an effective management action to prevent the loss of key marine habitats. 

 

7.5 Avenues for future research 

7.5.1 The influence of light quality on kelp productivity 

As light is the fundamental driver of productivity in marine ecosystems, a more thorough 

understanding of how turbidity affects key benthic primary producers, and the ecosystems they 

characterize, is critical for future research. Increases in turbidity not only decreases total PFD, it 

also changes the spectral composition of light available to benthic primary producers (Jerlov  1968; 

Robinson & Mitchelson  1983; Kirk  1985; Bowers & Binding  2006). The quality of light has 

many effects on the photo-properties and photomorphogenesis of marine algae, as well as terrestrial 

plants, by influencing the way in which light is absorbed by the photosynthetic and other pigments 

(Forster & Dring  1992; Schmid & Dring  1996; Wang et al.  2010; Kirk  2011). The present study 
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focused on total available PAR, but relatively little is known about the influence of light quality on 

macroalgal distributions and productivity. Hence, the effects of light quality on benthic macroalgae 

is an area that needs more research. 

 

 7.5.2 Dissolved organic carbon production 

The results of Chapters IV and VI indicated that kelp in high light environments have the 

capacity to produce greater than two times the amount of organic carbon required to maintain 

growth demands. This may result in the release of up to ~0.65 g C m-2 day-1 of dissolved organic 

carbon (DOC) from E. radiata forests, depending on the light environment and annual growth 

output. This is slightly higher than that reported for the giant kelp Macrocystis pyrifera from 

southern California for which the release of DOC was ~0.5 g C m-2 day-1 averaged over summer 

and spring and 0.3 g C m-2 day-1 averaged over autumn and winter (Reed et al.  2015). In that study, 

the production of DOC was variable across seasons and thallus growth stages but appeared to be 

driven by light. In fact, the few studies that have investigated the production of DOC in situ have 

found that production is highly variable among species, thalli, and seasons (Hatcher et al.  1977; 

Johnston et al.  1977; Abdullah & Fredriksen  2004; Fairhead & Cheshire  2004a; Wada & Hama  

2013).  Furthermore, estimates vary depending on the methodologies used to quantify DOC. This 

variability calls for future research on NPP to incorporate C allocated to growth, particulate organic 

matter, and dissolved organic matter.  

The fate of excess carbon was beyond the scope of this study and presents an opportunity 

for future study. The partitioning of primary production has been more thoroughly studied in 

pelagic phytoplankton (Berman-Frank & Dubinsky  1999; Carlson & Hansell  2014), and 

seagrasses (Khailov & Burlakova  1969; Sieburth  1969; Barrón et al.  2004), yet relatively little is 

known about the dynamics and fate of DOC production in shallow subtidal communities 

characterized by kelp (but see Lucas et al.  1981; Barrón & Duarte  2015). Primary production in 

the form of DOC may help to fuel microbial foodwebs in near-shore environments (Barrón et al.  

2004; Wada et al.  2008; Halewood et al.  2012; Wada & Hama  2013), or be exported to the open 

ocean where its fate is unclear (Barrón & Duarte  2015). It may be that the production of DOC by 

kelp forests is an undervalued, and overlooked, ecosystem service.   

 

7.5.3 Implications for ecosystem services and community functioning 

 Simultaneous changes in environmental gradients, increased anthropogenic stressors, and 

environmental shifts associated with climate change will likely interact to have additive, 

ameliorative, or synergistic effects on marine ecosystems (Strain et al.  2014). This calls for 
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integrative and broad scale studies that characterize the performance of species, populations, and 

communities under a wide range of conditions. Inevitably, kelp productivity will change in 

response to future environmental shifts and stressors (Harley et al.  2012), however, our 

understanding of the ecological consequences are limited. Specifically, there is a need to quantify 

the current ecosystem services provided by kelp in order to assess and mitigate the impacts of future 

stressors. For example, the incredibly high rates of carbon fixation and biomass turnover in kelp 

forests (Mann  1973; Reed et al.  2009; Rodgers & Shears  2016) may indicate that kelps play a 

unique and fundamental role in “blue carbon” cycling. Furthermore, through the photosynthetic 

activities of kelp, it has been suggested that kelp forests can modulate pH in the surrounding water 

and potentially provide local-scale refugia from the effects of ocean acidification (Frieder et al.  

2012). Differential responses of species to environmental stressors may result in a shift in 

community dynamics, such as the shift from kelp- to fucoid-dominated forests observed in the 

current study. How such shifts affect community functioning and the ecosystem services provided 

is largely unexplored. 

 

7.6 Concluding statement 

This thesis has advanced our understanding of the impacts of turbidity and low light on the 

functioning and productivity of E. radiata forests in north-eastern New Zealand. Ultimately, kelp 

distribution and productivity was limited by turbidity despite notable acclimation responses. Not 

only do the results have implications for E. radiata forests in the Hauraki Gulf, they are ecologically 

relevant to kelp forests, particularly subsurface canopy forming kelp, globally. As crucial 

components of temperate rocky reef ecosystems worldwide, declines in kelp forest distributions 

and productivity will undoubtedly have cascading impacts on the ecosystems they characterize. 

Furthermore, by reducing the health and productivity of kelp forests, increased turbidity may 

facilitate the transition of kelp-dominated forests to alternative states, for which the wider 

repercussions are unclear. In light of the changing marine environment, understanding the effects 

of current localized and global stressors on foundational species, such as kelp, will be critical to 

mitigating the effects of future stressors.  
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