
 
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material from 
their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital copy 
of their work to be used subject to the conditions specified on the Library Thesis 
Consent Form and Deposit Licence. 
 
 
 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


 
 

 

 

 

 

Measuring kelp forest productivity under current and future 
environmental conditions 

 

 

 

 

 

Kirsten Lee Rodgers 

 

 

 

 

 

 

 

A thesis submitted in fulfilment of the requirements for the degree of       

Doctor of Philosophy in Marine Science,  

The University of Auckland, 2014 

 



 
 
Abstract 

Habitat-forming kelps are important primary producers on temperate reefs worldwide, yet obtaining 

accurate measurements of in situ rates of photosynthesis and respiration for kelp is challenging. There 

is limited information about the drivers of spatial and temporal variation in net primary production 

(NPP), and little is known about how they will respond to climate change impacts such as warming 

temperatures in combination with additional stressors. Some of these information gaps are addressed in 

this thesis for the important habitat-forming kelp Ecklonia radiata. The primary objectives were to: (1) 

develop an inexpensive photorespirometry system that can be used to measure photosynthesis and 

respiration rates and generate photosynthetic-irradiance (P-E) curves for entire adult kelp in situ, (2) 

investigate season and depth-related variation in P-E curves, (3) estimate primary production (NPP) of 

E. radiata kelp forest using a physiologically-based model of benthic macroalgal production that 

incorporates in situ estimates of P-E parameters, biomass and light, and (4) investigate the interactive 

effects of elevated temperature and reduced light (simulating reduced water clarity) on the P-E 

response, productivity and resilience of adult E. radiata.  

The photorespirometry system that was developed consists of a polyethylene plastic bag and frame that 

encloses the lamina of the kelp and seals around the stipe. Water is circulated through the chamber by a 

closed pump system and oxygen evolution or consumption is recorded by an enclosed logger. By 

varying the irradiance in the chamber with shade cloth, and utilizing the variation in light associated 

with depth, the photosynthetic rates of an individual can be measured over a range of irradiances in 

situ. Using this method laboratory-derived P-E curves were compared to those obtained in situ. P-E 

curves from individuals measured in situ differed from those measured in the laboratory, with 

maximum photosynthetic rates in the laboratory being 42% and 55% lower under natural and artificial 

light respectively. 

In situ measurements of photosynthesis-irradiance relationships at two depths (6 and 14 m) over the 

annual cycle found that E. radiata at 14 m had higher maximum photosynthetic rates (Pmax) and 

photosynthetic efficiency (alpha) than kelp at 6 m. Kelp at both depths had greater photosynthetic 

efficiency (alpha) and reduced compensating irradiance (Ec) in winter compared to summer. Seasonal 

and depth-related variation in NPP of E. radiata was examined using a physiological model that 
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incorporates in situ estimates of P-E parameters, biomass and light. Seasonal productivity patterns 

followed seasonal patterns of irradiance and biomass, with the highest NPP coinciding with the peak in 

biomass and irradiance in summer, and the minima in winter. Estimated annual production at 6 m (615 

± 7 g C m-2 y-1) was 1.6 times greater than at 14 m (374 ± 4 g C m-2 y-1). This was proportional to the 

difference in biomass of E. radiata between depths, indicating that the greater photosynthetic abilities 

of deeper kelp offset the effects of reduced light on overall NPP at depth.  

Temperature and light were manipulated in a laboratory-based mesocosm experiment and P-E curves, 

growth, and survival of adult kelp were measured among treatments. Kelp were also subjected to a 

disturbance (a period without light, simulating a large storm event), to investigate how the temperature 

and light treatments affected resilience. An increase in maximum water temperature (+3°C) did not 

greatly alter the photosynthetic response of E. radiata, but reduction in light levels had negative effects 

on photosynthetic capacity and rates of tissue loss. Following the disturbance, kelp had higher 

mortality and reduced ability to recover in the warmer treatments. These effects of increased 

temperature were greatest in low light treatments. To examine the overall effects on kelp productivity, 

the experimental findings were incorporated into a physiologically-based model of production. This 

predicted that under warmer conditions (+3°C) daily net primary production (NPP) in summer would 

be reduced by 17% at ambient light levels and 89% at low light levels. At ambient temperatures NPP 

was reduced by 38% under low light conditions. Following disturbance these effects were exacerbated, 

with negative estimates of daily NPP for both warm treatments and under reduced light at ambient 

temperatures.  

The chamber system described here provides, for the first time, a method for generating P-E curves and 

estimating photosynthetic parameters for entire adult kelp in situ. It can be adapted for use on other 

kelps and large macroalgae, and used in tank-based experiments. Importantly, the findings also indicate 

that estimates of productivity based on laboratory-derived photosynthesis measurements can 

underestimate kelp forest productivity. This research provides the first in situ P-E curves of adult kelp 

over the annual cycle and across multiple depths, and demonstrates how this information can be 

incorporated with biomass and light data in a physiologically-based model to estimate NPP of kelp. 

The findings highlight the importance of understanding depth-related variation in photosynthetic 

performance when estimating primary production of subsurface kelp forests. The results from the 

laboratory experiment using the chamber system to quantify the effects of elevated temperature, 
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reduced light, and disturbance on photosynthetic performance suggest that while kelp can likely 

tolerate some level of warming or reduction in light, under such conditions they would be less resilient 

to additional perturbations and large declines in kelp productivity would be expected. Kelp forests are 

under threat from a variety of stressors, perhaps most importantly from climate change, and in many 

cases very little is known (or quantified) about many of the important services that kelp forests provide. 

The methods and data presented in this thesis have provided an increased understanding of E. radiata 

productivity and ecological function and how this important habitat-forming kelp may be impacted by 

climate change.  
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CHAPTER ONE – General Introduction  

1.1 Ecological role of kelp 

Coastal marine systems are among the most ecologically and socio-economically important habitats on 

the planet, providing c. 38% of the global value of ecosystem goods and services (Costanza et al. 

1997). Habitat-forming foundation species are important components of coastal ecosystems as they 

play a critical role in maintaining ecosystem function by structuring biodiversity, and ameliorating 

environmental stress (Bruno et al. 2003; Graham 2004). Kelp (order Laminariales), make up the 

majority of macroalgal biomass on exposed or semi-exposed coastlines in temperate latitudes (Dayton 

1985; Steneck et al. 2002). Kelp forests are among the most productive ecosystems in the world (Mann 

1973; Mann 2000; Reed et al. 2008) and the carbon fixed by kelp through photosynthesis enters the 

foodweb via direct grazing by herbivores, as detritus, or dissolved organic carbon (Lobban & Harrison 

1994). The organic matter produced by large macroalgae contributes to not only local reef food webs, 

but also to adjacent intertidal, deep water and terrestrial habitats (Krumhansl & Scheibling 2012). Kelp 

forests provide habitat and facilitate high levels of biodiversity (Graham 2004; Christie et al. 2009). 

They exert a major controlling influence on species richness and assemblage structure of associated 

communities (Fowler-Walker & Connell 2002; Wernberg & Goldberg 2008) by modifying the physical 

environment, such as by reducing light and sediment cover (Kennelly 1988; Toohey et al. 2004b; 

Connell 2005; Wernberg et al. 2005), altering water flow (Dayton 1985), and by influencing the 

settlement and recruitment patterns of other species (Smale et al. 2011). All of these values provided by 

kelp forests are dependent on the ability of the kelp to photosynthesize and produce energy (carbon), 

which allows them to grow and persist, and influence the ecosystem around them.  

1.2 Photosynthesis and productivity of kelp 

1.2.1 The photosynthetic process 

Photosynthesis is the fixation of inorganic carbon (reduction of CO2) into organic carbon 

(carbohydrates) using light as an energy source and water as a proton donor (Falkowski & Raven 

2007). Photosynthesis occurs in chloroplasts of plants and algae, which contain the pigments that 
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capture light, the electron carriers that use the absorbed energy to generate NADPH2 and ATP, and the 

enzymes that use these to convert CO2 to carbohydrate (Kirk 2011). Photosynthetic pigments 

(chlorophylls and carotenoids) perform the task of harvesting light energy from the light field, and 

different pigments absorb light in different parts of the photosynthetically active radiation (PAR) range 

(400-700 nm).   

The photosynthetic process comprises two major groups of reactions, the light reactions and the dark 

reactions. The light reactions take place in the thylakoid membrane system of the chloroplast and 

involve the capture of light energy and its conversion to chemical potential as NADPH2 and ATP. This 

occurs via two photochemical reactions occurring in series. Each reaction takes place in a reaction 

centre in association with light-harvesting pigments and electron transfer agents, with the entire 

functional unit known as a photosynthetic unit. Photosystem II withdraws electrons from water and 

passes it along a series of electron carriers to NADP, so that NADPH2 is formed and oxygen is 

liberated. Photosystem I is associated with the reduction of NADP and inorganic phosphate to ATP, 

probably two ATP molecules being formed for every two electrons transferred or molecule of NADP 

reduced (Lobban & Harrison 1994; Kirk 2011). The dark reactions take place in the stroma of the 

chloroplast, and are the sequence of reactions by which the chemical potential (NADPH2 and ATP) is 

used to fix and reduce inorganic carbon (CO2) to carbohydrate in the Calvin-Benson cycle (Lobban & 

Harrison 1994; Kirk 2011). 

1.2.2 Aquatic algal photosynthesis  

Brown algae (Phaeophyta) of the order Laminariales (the kelps) and Fucales contain numerous 

chloroplasts per cell in their large thalli (Kirk 2011). The chloroplasts of all algae contain the 

photosynthetic pigment Chlorophyll a, and Phaeophyta also contain chlorophylls c1 and c2 (Kirk 2011). 

There are also other pigments, including many kinds of carotenoids; all the macroalgae contain β-

carotene, and Phaeophyta also contain fucoxanthin (the predominant carotenoid present) and 

violaxanthin (Kirk 2011).  

The rate of photosynthesis depends largely on the amount and quality of the light available and 

ultimately absorbed. Photon flux density and spectral quality vary daily and seasonally (Kirk 2011). 
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Macroalgae are capable of physiological acclimation in their photosynthetic responses to cope with the 

changing underwater irradiance regime at the site where they are attached (Falkowski & LaRoche 

1991; Henley 1993; Kirk 2011). Photoacclimation occurs on a number of levels from morphological 

(changes in cell volume and the number and density of thylakoid membranes, size of storage bodies 

within plastids, changes in number of plastids per cell), to the cellular level with changes in pigment 

and lipid content and composition (Miller et al. 2006), and at the physiological level with changes in 

the minimum quantum requirement for photosynthesis, respiration and growth rates (Falkowski & 

LaRoche 1991; Kirk 2011). Additionally, the rate of photosynthesis can be affected by other abiotic 

factors, including nutrient levels, temperature and pH, and also by biotic factors within the individual 

plant such as morphology, ontogeny and diurnal rhythms (Littler & Arnold 1980; Dunton & Jodwalis 

1988; Lobban & Harrison 1994). Environmental factors can have interactive effects, for example, 

photosynthesis is known to be nearly temperature-independent at low light intensities, but strongly 

influenced by temperature at higher light intensities where macroalgae achieve maximum 

photosynthetic rates (Mann 1973). 

1.2.3 Measurement of photosynthetic rates of kelp 

Early studies on kelp used in situ 14C uptake experiments to examine photosynthetic performance 

(carbon fixation) of kelp blades (Towle & Pearse 1973; Dunton & Jodwalis 1988). In general, 

measuring O2 liberation is more convenient and commonly used for the more active (greater per unit 

biomass leading to higher rates of oxygen production compared to phytoplankton) photosynthetic 

systems of macroalgae (Kirk 2011). The overall photosynthetic process results in approximately one O2 

molecule released for every one CO2 molecule fixed. The O2:CO2 molar ratio (photosynthetic quotient, 

PQ) can vary from 0.85 to 2.70 among different species of Phaeophyta, largely depending on whether 

ammonium or nitrate is the N-source. Despite this variation a PQ of 1.0 is commonly used as it 

facilitates comparisons between studies (Rosenberg et al. 1995; Pedersen et al. 2010; Kirk 2011).  

Photosynthesis and respiration rates of macroalgae have been determined by measuring oxygen 

evolution in chambers that enclose entire, or parts of, algae in a known volume of water. These are 

typically carried out in the laboratory (Binzer & Sand-Jensen 2002b; Middelboe et al. 2006; Staehr & 

Wernberg 2009; Richards et al. 2011), but have also been carried out in situ (Chisholm et al. 1990; 

Cheshire et al. 1996; Westphalen & Cheshire 1997; Fairhead & Cheshire 2004a; Miller et al. 2009; Tait 
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& Schiel 2010; Gevaert et al. 2011). If the chamber is covered to exclude light, the absence of light 

precludes photosynthesis and dissolved oxygen is consumed in proportion to the rate of respiration 

(Rd). If the chamber is exposed to light, photosynthesis occurs and net primary production can be 

measured (NPP) as both photosynthesis and respiration are occurring in the chamber in the light (NPP 

= gross primary production minus respiration). 

Studies on photosynthetic rates of kelp using chambers have largely been limited due to the large size 

of kelp individuals. Most studies have therefore been limited to measuring photosynthesis and 

respiration rates of juveniles or pieces of adults within relatively small chambers in the laboratory 

(Staehr & Wernberg 2009; Richards et al. 2011). This is potentially problematic because considerable 

variation in rates can occur between different tissues within an individual and between tissue of 

different age (Hatcher 1977; Arnold & Manley 1985; Gerard 1986; Gevaert et al. 2011). The 

development of photorespirometry chambers that enclose a macroalgal individual or algal community 

in the field has provided greater insight into photosynthesis under natural conditions, but due to their 

large size there are only a few cases where chambers have been used for kelp or large seaweeds 

(Hatcher et al. 1977; Gerard 1986; Fairhead & Cheshire 2004a, 2004b; Miller et al. 2009; Delebecq et 

al. 2011; Gevaert et al. 2011). Several of these chambers have been restricted by capacity, thus 

juveniles (Fairhead & Cheshire 2004a, 2004b) or pieces of adult kelp (Gerard 1986) have been 

enclosed in chambers, making it difficult to extrapolate rates up to entire kelp forest productivity.  

Direct measurement of oxygen evolution is just one of the methods used to measure photosynthesis of 

kelp. Another commonly used indirect measurement for investigating photosynthesis is pulse 

amplitude modulated (PAM) fluorometry. PAM measures the variable component of chlorophyll 

fluorescence and allows determination of the photochemical and non-photochemical quenching of the 

photosynthetic apparatus, and expresses the relationship between photosynthetic rate and fluorescence 

as electron transport rate (ETR) (Kirk 2011). PAM is rapid and easy to use, but there is uncertainty 

about the linearity of the relationship between production rates and ETR derived from PAM at high 

irradiances (Longstaff et al. 2002; Beer & Axelsson 2004). Kirk (2011) promotes the view that while 

PAM applications can make a contribution to understanding variability of photosynthesis in aquatic 

systems, whether these techniques can improve estimates of primary productivity is an open question, 

and that until we have a better understanding of the underlying processes that are controlling 

fluorescence emission at the molecular level then the data must be interpreted with caution.  
4 
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1.2.4 Primary production of kelp 

Oxygenic photosynthesis is responsible for virtually all of the biochemical production of organic matter 

in both terrestrial and oceanic components of the biosphere (Field et al. 1998). The key abiotic factors 

influencing kelp production and growth (an outcome of production) are: light, availability of nutrients, 

salinity, temperature, wave exposure and water movement, and suitable substratum for growth (Schiel 

& Foster 1986). Primary productivity of kelp is highly variable and may differ between different 

habitats or depths (Fairhead & Cheshire 2004a) as well as between seasons and years (Hatcher et al. 

1977; Cheshire et al. 1996; Fairhead & Cheshire 2004a; Aumack et al. 2007). 

Kelp productivity is typically estimated based on methods that measure either long-term yield or 

biomass accumulation (Mann 1973; Mann & Kirkman 1981; Kirkman 1984; Dunton 1990; Reed et al. 

2008; Reed et al. 2009) or short-term rates of photosynthesis (Hatcher et al. 1977; Dunton & Jodwalis 

1988; Cheshire et al. 1996; Fairhead & Cheshire 2004a). Productivity estimates based on biomass 

measurements are typically complicated by the fact that tissue is lost from grazing or erosion, or loss of 

entire individuals if estimating at the population level. Therefore those methods must also estimate the 

amount of tissue lost to estimate NPP. In contrast, photosynthetic measurements provide an 

instantaneous direct measure of oxygen evolution under a given set of environmental conditions. Based 

on measurements of photosynthetic rates at a range of different photon flux densities (PFD) a 

photosynthesis-irradiance (P-E) curve, that quantifies the relationship between photosynthesis and 

irradiance, can be generated. The photosynthetic parameters obtained from P-E curves are useful for 

comparing photosynthetic performance within or between species over temporal or spatial scales. 

Importantly, they can also be used in physiological models for estimating productivity that also 

incorporate light and biomass information (Brinkhuis 1977a; Jackson 1987; Burd & Dunton 2001; 

Binzer & Sand-Jensen 2002a; Elkalay et al. 2003; Miller et al. 2012; Harrer et al. 2013). However, due 

to the large size of kelps and logistical challenges of measuring production in the shallow wave-

exposed coastal habitats where kelp occurs, few P-E curves exist for adult kelps in nature. Given the 

importance of kelp forests to ecosystem functioning in temperate rocky reefs worldwide, there is a clear 

need to further develop methods for measuring photosynthetic rates and deriving P-E curves of these 

species to generate more robust estimates of kelp forest primary production.  
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1.3 Threats to kelp forest ecosystems 

Coastal societies are sustained by healthy marine ecosystems, yet the vast ecological services and value 

these systems provide are under threat by a wide variety of human-induced stressors, and climate 

change is expected to exacerbate these effects (Harley et al. 2006). Kelp forests are highly valuable and 

integral components of coastal ecosystems, which due to their high productivity and subsequently high 

biomass provide food and shelter for a myriad of other species. Natural processes that can lead to loss 

of kelp forest include: grazing by herbivorous fish and invertebrates, particularly sea urchins (Steneck 

et al. 2002), storms (Dayton et al. 1984; Ebeling et al. 1985; Graham et al. 1997), and climatic events 

including El Nino (Peters & Breeman 1993; Dayton et al. 1999). Anthropogenic impacts such as 

declining water quality (Foster & Schiel 2010), due to eutrophication (Connell et al. 2008; Gorman et 

al. 2009) and sedimentation (Airoldi & Cinelli 1997; Airoldi 2003; Shepherd et al. 2009), can also 

result in loss of kelp and other macroalgal habitat, and phase-shifts to less valuable habitat types 

(Airoldi & Beck 2007; Connell et al. 2008; Gorman et al. 2009; Perkol-Finkel & Airoldi 2010). 

Human-mediated trophic cascades where overfishing of large predators has allowed herbivore (sea 

urchin) population increases has led to widespread and persistent kelp deforestation in some places 

(Estes & Duggins 1995; Shears & Babcock 2002; Steneck et al. 2002; Shears et al. 2008). Kelp can 

recover quickly from small-scale natural and physical disturbances, such as storms that dislodge 

patches of individuals, which are then rapidly re-colonised by young understory kelp exposed to higher 

light levels in the clearance (Kirkman 1981). In contrast, deforestation from urchins may be extensive, 

last for decades or centuries and may operate in cycles (Steneck et al. 2002). 

The potential impacts of climate change are of increasing concern as a wide range of predicted changes 

have the potential to have major impacts on marine ecosystems (Smith et al. 1999; Harley et al. 2006; 

Mullan et al. 2008; Ling et al. 2009b; Russell et al. 2009; Wernberg et al. 2009; Connell & Russell 

2010; Wernberg et al. 2010; Byrnes et al. 2011; Russell et al. 2011; Wernberg et al. 2011a). The 

adverse effects of climate change are already being observed in some kelp forest ecosystems. These 

include the range expansion of herbivores as water temperature warms (Ling 2008; Ling & Johnson 

2009), extreme “heatwave” events that lead to canopy loss and range contractions (Smale & Wernberg 

2013; Wernberg et al. 2013), and the more gradual range shifts or loss of kelp canopy in some areas 

that have been attributed to warming (Serisawa et al. 2004; Wernberg et al. 2011b; Díez et al. 2012; 

Tanaka et al. 2012; Andersen et al. 2013; Raybaud et al. 2013).  
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For all natural ecosystems the health of the ecosystem is inversely proportional to the number of 

stressors to which it is exposed. Furthermore, multiple stressors acting on local and global scales can 

interact to erode the resilience of ecosystems to recover from human and natural perturbations (Thrush 

et al. 2004; Harley et al. 2006; Ling et al. 2009a; Russell et al. 2009; Schiel 2009; Foster & Schiel 

2010; Perkol-Finkel & Airoldi 2010; Shears & Ross 2010; Russell et al. 2011). For example, elevated 

carbon dioxide (CO2) and elevated nutrients can combine to accelerate the expansion of filamentous 

turfs, which rapidly colonize available space (e.g. through storm damage), trap sediment and 

subsequently inhibit recruitment and recovery of canopy-forming kelp (Russell et al. 2009; Falkenberg 

et al. 2012). Increasing water temperature and declining underwater light (i.e. due to increasing 

turbidity) also has the potential to have negative synergistic effects on kelp. In warmer water kelp have 

been shown to increase the critical light demand (Ec) in order to maintain positive carbon balance 

(Staehr & Wernberg 2009). Therefore, increasing temperature and deteriorating underwater light 

conditions could have a negative synergistic effect on the depth distribution of kelps or their spatial 

distribution around areas prone to reduced water quality (Airoldi & Beck 2007; Staehr & Wernberg 

2009). 

The persistence of ecosystems under future conditions also depends on whether their resilience to 

additional perturbations is maintained or compromised. There is some evidence from Western Australia 

that kelp at the warmest extent of its range has reduced resilience to additional perturbations (Wernberg 

et al. 2010). This suggests that while kelp beds may remain intact in warmer temperatures, they will 

have lower thresholds for additional impacts, e.g. extreme storms or reduced water quality and 

deteriorating light conditions. This may lead to persistent loss of habitat and ecological function, which 

may manifest either abruptly, when the physiological thresholds of existence is finally exceeded, or 

progressively as the cumulative effect of localized failure (Staehr & Wernberg 2009; Wernberg et al. 

2009; Wernberg et al. 2010). Predictions about the effects of climate-driven changes to foundation 

species such as kelp are extremely important, as impacts on the life-supporting capacity of kelp forests 

are likely to propagate throughout entire ecosystems (Harley et al. 2006; Byrnes et al. 2011; Wernberg 

et al. 2011c).  
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1.4 Ecklonia radiata biology and ecology 

1.4.1 Distribution 

Ecklonia radiata (C. Agardh) J. Agardh, is a perennial kelp that is frequently the dominant subtidal 

canopy-forming species on temperate rocky coasts in Australasia (Wernberg et al. 2003b; Goodsell et 

al. 2004; Shears & Babcock 2007). E. radiata also occurs in Oman, southern Africa, Canary Islands, 

Cape Verde Islands, and Japan (Guiry & Guiry 2011), and other species of Ecklonia occur in Japan, 

China and Korea (Adams 1994). In New Zealand waters, E. radiata is found from the Three King 

Islands in the north to Stewart Island in the south, but is absent at the Chatham Islands and all of the 

sub-Antarctic Islands (Schiel 1990; Adams 1994). In northern New Zealand, E. radiata typically occurs 

in mixed stands with fucoid algae at shallow depths (<6 m), but forms monospecific forests (Fig. 1.1a) 

at depths greater than c. 6 m (Shears & Babcock 2004). At offshore islands, such as the Three Kings, E. 

radiata can occur to depths of 50-60 m (Choat & Schiel 1982), presumably due to the exceptionally 

clear water allowing light to penetrate to greater depths. 

 
Figure 1.1 (a) Ecklonia radiata kelp forest, (b) Ecklonia radiata sporophytes, showing the long stipe 
and relatively short primary lamina morphology that characterizes the species in New Zealand.  

a b 
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1.4.2 Reproduction and life history 

E. radiata has a heteromorphic lifecycle, with a microscopic gametophyte stage and a macroscopic 

sporophyte stage. The perennial sporophyte (adult stage) produce zoospores in specialised fertile tissue, 

called sori, on the blade (Adams 1994). These produce haploid spores which develop into microscopic, 

sexually-reproducing gametophytes. The fertilized eggs of the female gametophytes develop into the 

sporophyte (Novaczek 1980). In northeastern New Zealand sporophytes produce the bulk of their 

spores in late autumn or winter, gametophyte reproduction follows in winter or spring depending on 

depth, and most recruits appear in August-October (Novaczek 1984c). E. radiata individuals can live 

for at least 10 years (Novaczek 1981). 

The temperature tolerance range for growth (9-25°C) and reproduction (9-24°C) of gametophytes,  

coincides with the temperature range experienced over its geographical distribution (Novaczek 1984c; 

Mabin et al. 2013). However, gametophytes from cooler locations may have lower upper tolerances, for 

example gametophytes from Wellington did not reproduce at 21.5°C or above (Novaczek 1984c). High 

temperature is detrimental to development; sporophytes did not develop at 25.5°C (Mabin et al. 2013) 

and death of gametophytes occurs at 26°C (Novaczek 1984c), suggesting a critical upper temperature 

threshold of 25 °C for E. radiata development. A negative relationship between recruitment success 

and increasing water temperature has also been shown for E. radiata in Western Australia (Wernberg et 

al. 2010).  

1.4.3 Morphology 

Morphology of E. radiata shows a high degree of plasticity, varying on local and regional scales in 

response to multiple forcing factors operating on different morphological characteristics and different 

spatial scales (Wernberg et al. 2003a; Fowler-Walker et al. 2005; Fowler-Walker et al. 2006; Wing et 

al. 2007; Miller et al. 2011b; Mabin et al. 2013). In northern New Zealand it characteristically has a 

long stipe (up to ~150 cm) and a comparatively short primary lamina (Fig. 1.1b) (Novaczek 1980). 
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1.4.4 Growth and productivity 

Growth of E. radiata varies seasonally and is typically lowest in late summer and autumn, and highest 

in spring in both New Zealand and Australian populations (Kirkman 1984; Novaczek 1984a; Larkum 

1986; Kirkman 1989; Fairhead & Cheshire 2004a; Miller et al. 2011b). Productivity of E. radiata in 

northeastern New Zealand and in Western Australia has been estimated based on direct measurements 

of biomass increase. Annual growth was estimated as 52 g dry weight (dw) per individual y-1 at 6 m 

depth and 42 g dw per individual y-1 at 14 m (half of which was eroded) at Goat Island Bay (Novaczek 

1984a). Productivity was estimated as 3 kg dw m-2 y-1 at 7m depth and 0.3-0.5 kg dw m-2 y-1 at 15 m 

(Novaczek 1984b). Annual peaks in growth and productivity were delayed by ~2 months at 15 m 

compared to shallower depths (Novaczek 1984a; Kirkman 1989). The daily individual sporophyte 

production rates, in terms of tissue production, estimated at Goat Island were at the lower end of the 

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

1986; Kirkman 1989). Productivity, based on oxygen evolution, of juvenile E. radiata (20-30 cm in 

length and 1-20 g dw) from several depths was measured in situ in South Australia (Fairhead & 

Cheshire 2004a). Annual productivity estimates from that study ranged from 1.1 to 5.8 g C g-1 dw y-1 

across the depth profile (3-12 m) and showed variable patterns of daily NPP among depths and time of 

year. However, information on photosynthesis and respiration rates for adult E. radiata do not exist. 

1.5 Study location - Goat Island Bay, northeastern New Zealand  

The research presented in this thesis took place at Goat Island Bay (36° 17ʹ S, 174° 48ʹ E), which is 

located within the Cape Rodney-Okakari Point Marine Reserve (549 ha, established 1976) in 

northeastern New Zealand (Fig. 1.2). The study took place at two sites approximately 300 m apart on 

the west side of Goat Island, at 6 m depth (below mean low water) in Alphabet Bay and at 14 m depth 

at North Reef (Fig. 1.2), the same sites that were used in an earlier study of E. radiata (Novaczek 1980) 

thereby allowing comparisons. The subtidal reef communities at this location are typical of moderately 

exposed coasts in northeastern New Zealand (Shears & Babcock 2004) with the stipitate kelp Ecklonia 

radiata forming continuous monospecific stands at >6 m depth.   
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Figure 1.2 Location of the study sites at Goat Island Bay adjacent to the Leigh Marine Laboratory in 
northeastern New Zealand. The depth of the reef was 6 m at Alphabet Bay and 14 m at North Reef. 
 

1.6 Thesis aims and outline  

The environment that kelp inhabits seems certain to change in the future as a result of anthropogenic 

climate change and this is likely to have impacts on their photosynthesis and productivity. In order to 

predict future changes in kelp productivity we need to be able to quantify kelp production in the present 

and understand the main drivers or factors that influence productivity rates. To achieve this we need 

methods for accurately measuring productivity, so that data can be combined with other relevant 

information, such as light and biomass data, to estimate overall production. We then need to improve 

our understanding of how kelp may respond to future environmental conditions by conducting 

experiments where relevant factors are manipulated and the effects on important functions, such as 

photosynthesis, are measured. This thesis aimed to address these research needs by: 1) developing a 

photorespirometry chamber to measure photosynthesis and respiration rates of adult kelp in situ, from 

which photosynthesis versus irradiance (P-E) curves can be generated, 2) measuring seasonal and 

depth-related variation in in situ P-E parameters and respiration rates, 3) incorporating those 
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parameters into a model with light and biomass data to estimate kelp forest production, and 4) 

conducting a mesocosm experiment where a warming event was simulated, followed by disturbance, 

and the response of kelp under ambient and reduced light conditions investigated to examine the effect 

of future environmental changes on primary production and resilience of kelp forests.   

The thesis comprises three data chapters, which address the research objectives as follows: 

Chapter 2 describes a novel and inexpensive photorespirometry system that allows in situ measurement 

of oxygen production and consumption of the stipitate kelp Ecklonia radiata. The objective was to 

design, develop and construct a system that could be used to generate, for the first time, 

photosynthesis-irradiance (P-E) curves and photosynthetic parameters for entire adult kelp individuals 

in situ. Extensive testing of the robustness of the design and methodology was undertaken to ensure 

accuracy and repeatability of the method. Obtaining accurate measurements of in situ rates of 

photosynthesis and respiration for kelp is challenging, and the development of a low-cost, easily 

deployed chamber system for use in the field and in tank-based experiments, and which can be adapted 

for different sizes, morphologies or kelp species, is a significant advancement in our ability to study 

kelp photosynthetic response and productivity. To investigate the applicability of using this system to 

improve our understanding of kelp productivity I measured and compared P-E curves of adult E. 

radiata at two depths in northeastern New Zealand. To better understand the relative importance of 

conducting photosynthetic measurements in situ, P-E curves from individuals measured in the field 

were compared to measurements under both natural and artificial light conditions in the laboratory. 

Chapter 3 presents seasonal photosynthetic parameters for E. radiata calculated from P-E curves 

measured in situ at two depths (6 and 14 m) and incorporates these into a physiological model to 

estimate net primary production (NPP). The objective of this chapter was to quantify the 

photosynthetic-irradiance response of E. radiata at two depths corresponding to shallow and deep 

extents of the population at Goat Island at different times in the seasonal cycle, and to gain insight into 

the patterns and controls of primary production. This was achieved by applying a simple 

physiologically-based model of benthic macroalgal production to the data obtained from the in situ 

photosynthetic measurements, combined with kelp biomass and underwater irradiance data, to estimate 

seasonal and annual NPP at the two depths. To understand the relative importance of the different 
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components of the model (biomass, irradiance or photosynthetic parameters) in estimating production a 

sensitivity analysis was performed.  

Chapter 4 examines how elevated water temperature affected the photosynthetic-irradiance (P-E) 

response, and resilience to disturbance, of E. radiata at ambient and reduced photon flux densities 

(PFD). The response of critical foundation species to warming temperatures in combination with 

additional impacts, such as increased frequency and severity of storms or reduced water quality, is key 

to understanding how they might be impacted by climate change. The objective of this chapter was to 

investigate how an increase in annual maximum temperature (+3°C) and reductions in underwater PFD 

would affect the photosynthetic performance (P-E curves measured using the chambers in controlled 

conditions in the laboratory), growth, survival and resilience of kelp. This was investigated by 

manipulating temperature and light in a purpose-built laboratory mesocosm containing adult canopy-

sized kelp. To test the hypothesis that kelp in the warmer temperature regime would have reduced 

capacity for recovery (i.e. lower resilience) following disturbance, a perturbation was applied to the 

mesocosm in the form of a period of darkness (which can arise from an extreme precipitation or storm 

event). P-E parameters, biomass and survival were compared following warming and disturbance, and 

then after a recovery period. To examine how the relative changes in photosynthetic response, biomass 

and mortality observed in the different temperature and light treatments would translate into changes in 

productivity, the experimental findings were incorporated into the model of benthic macroalgal 

production utilizing in situ summer-time measurements from Chapter 2. The objective was to estimate 

changes in kelp productivity that would occur under those climate scenarios in order to predict the 

effects of potential climate change impacts on primary production of kelp forests.  

Chapter 5 concludes this thesis with a general discussion of the research presented in the preceding 

chapters and the implications of the findings. Also, based on the productivity estimates derived in the 

research, estimates of changes in NPP over time for the Cape Rodney-Okakari Point Marine Reserve 

are given. The chapter also discusses the limitations of the study and identifies areas for future 

research. 
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CHAPTER TWO - A novel system for measuring in situ rates of 

photosynthesis and respiration of kelps and its application to estimating 

kelp forest productivity 

2.1 INTRODUCTION 

Macroalgal-dominated reefs in shallow coastal waters are among the most productive ecosystems in the 

world (Mann 1973). Kelp (Laminariales) make up the majority of macroalgal biomass on exposed or 

semi-exposed coastlines in temperate latitudes and provide food and habitat for many associated 

organisms (Dayton 1985; Steneck et al. 2002). Organic matter produced by these large macroalgae 

contributes to  local food webs, and also to adjacent intertidal, deep water and terrestrial habitats 

(Krumhansl & Scheibling 2012). Accurately quantifying the primary production of macroalgae is 

therefore fundamental to increasing our understanding of ecosystem functioning, energetics and tropho-

dynamics in coastal marine ecosystems. Increasingly, information is also needed about spatial and 

temporal patterns of productivity from which to assess and compare the consequences of global and 

regional climate change.  

 

Kelp productivity is typically estimated by methods that measure either long-term yield or biomass 

accumulation (Mann 1973; Mann & Kirkman 1981; Kirkman 1984; Dunton 1990; Reed et al. 2008; 

Reed et al. 2009) or short-term rates of photosynthesis (Hatcher et al. 1977; Dunton & Jodwalis 1988; 

Cheshire et al. 1996; Fairhead & Cheshire 2004a). While biomass has been used to provide good 

estimates of net primary production (NPP) in some kelp systems, particularly the well-studied southern 

Californian giant kelp Macrocystis pyrifera forests (Reed et al. 2008; Reed et al. 2009), estimates based 

on biomass measurements are typically complicated by the need to account for tissue loss from grazing 

or erosion, or loss of entire individuals if estimating at the population level. Another approach to 

estimating productivity is to incorporate information on the photosynthetic responses of seaweeds into 

physiological models (Brinkhuis 1977a; Jackson 1987; Miller et al. 2012). Rates of net oxygen 

evolution provide a rapid measure of photosynthesis under a given set of environmental conditions. 

Photosynthetic rates can either be measured at ambient light levels in situ (as in Miller et al. 2009), or 

alternatively photosynthetic rates can be measured at a range of different irradiances in order to 

generate a photosynthesis-irradiance (P-E) curve that quantifies the relationship between 
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photosynthesis and irradiance (Kirk 2011). The photosynthetic parameters obtained from the P-E curve 

can then be combined with light and biomass information in physiological models to estimate 

productivity (Brinkhuis 1977a; Jackson 1987; Burd & Dunton 2001; Binzer & Sand-Jensen 2002a; 

Elkalay et al. 2003; Miller et al. 2012; Harrer et al. 2013). The parameters from P–E curves are also 

useful for comparing within or between species over temporal or spatial scales, even when 

measurements are made in differing light intensities (Gomez & Wiencke 1996; Fairhead & Cheshire 

2004b; Miller et al. 2006; Miller et al. 2012).  

 

Photosynthesis and respiration rates of seaweeds have traditionally been measured in 

photorespirometry chambers in the laboratory. This method, whereby oxygen evolution and uptake is 

measured in chambers to quantify photosynthetic and respiration rates, has been widely used to study 

the physiology and production of macroalgae (Binzer & Sand-Jensen 2002b; Middelboe et al. 2006; 

Staehr & Wernberg 2009; Richards et al. 2011). However, most studies have typically focused on turf 

and foliose algal species, and those that measured kelp photosynthesis and respiration in chambers 

were limited to juveniles or tissue pieces (Staehr & Wernberg 2009; Richards et al. 2011). Scaling up 

such measurements to estimate production of entire adult individuals is problematic due to the 

considerable variation in rates between different tissues within an individual, along a blade or among 

fronds of varying age (Hatcher 1977; Gerard 1986; Gevaert et al. 2011). Consequently, measuring 

photosynthetic rates of entire kelp individuals is preferable, in order to remove the effect of variation in 

photosynthetic and respiration rates within and between blades (Arnold & Manley 1985; Gerard 1986; 

Dunton & Jodwalis 1988; Gevaert et al. 2011). In some cases photosynthetic rates have been calculated 

for kelps in the laboratory, with their stipes removed so they could fit into the incubation tanks (Miller 

et al. 2012), but it remains unknown how transferrable these results are to a field situation.  

 

The development of photorespirometry chambers that enclose an entire macroalgal individual or algal 

community in the field has provided greater insight into photosynthesis under natural conditions 

(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). However, due to the large size of kelps and 

the logistical challenges of measuring photosynthesis in shallow, wave-exposed coastal habitats, there 

are only a few cases where chambers have been used for kelps or other large seaweeds (Hatcher et al. 

1977; Gerard 1986; Fairhead & Cheshire 2004a, 2004b; Miller et al. 2009; Delebecq et al. 2011; 

Gevaert et al. 2011). Of these, most have required the kelp to be detached from the substrate and placed 
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inside a rigid-walled chamber (Hatcher et al. 1977; Cheshire et al. 1996; Fairhead & Cheshire 2004a, 

2004b; Delebecq et al. 2011; Gevaert et al. 2011), thereby removing the kelp from its natural setting 

and eliminating any wave action or water movement. Furthermore, in most cases, juveniles (Fairhead 

& Cheshire 2004a, 2004b) or pieces of adult kelp (Gerard 1986) have been enclosed in chambers, 

making it difficult to extrapolate rates up to entire kelp forest productivity. In situ photosynthetic 

measurements have been carried out on adult Laminaria digitata using a system that involves 

detaching entire individuals from the substrate and placing them inside a fully enclosed rigid dome 

chamber (Gevaert et al. 2011). However, the major impediment to in situ photorespirometry 

measurements on many kelps is their large size in both biomass and vertical extent from the seabed. 

This makes chambers that seal to the reef impractical, but also unnecessary as the majority of 

photosynthesis occurs in the canopy blades of stipitate kelp (Arnold & Manley 1985; Gerard 1986; 

Gevaert et al. 2011). Due to difficulties in measuring in situ photosynthetic rates of kelp, few P-E 

curves exist for kelps in nature, particularly for adult kelps. Those that have been constructed from field 

measurements of photosynthetic rates utilized changes in irradiance over the course of the day 

((Dunton & Jodwalis 1988; Fairhead & Cheshire 2004b)), or changes in irradiance with varying water 

depth associated with tides (Gerard 1986; Delebecq et al. 2011; Delebecq et al. 2013)) or by moving 

blades of kelp to different depths (Gerard 1986). To date, no simple, robust and easily-deployed 

chamber systems have been developed that allow replicate measurements of respiratory and 

photosynthetic rates in situ at a range of light levels that would allow the generation of P-E curves for 

whole adult kelp. Given the importance of kelp forests to ecosystem functioning on temperate reefs 

worldwide there is a clear need to further develop methods for measuring photosynthetic rates and 

deriving P-E curves of these species to generate more robust estimates of kelp forest primary 

production.  

In this chapter a photorespirometry chamber system is described that measures oxygen production and 

consumption of the stipitate kelp Ecklonia radiata in the field. The system is relatively inexpensive, 

simple to construct and deploy, and the method developed allows P-E curves to be generated for 

multiple replicate kelp in one day. The chamber system is novel in that it is large enough to enclose 

whole adult canopy-forming kelp in their natural setting within the kelp forest, and novel procedures 

have been developed for manipulating irradiance levels inside the chambers using shade cloth and 

depth-related variation in irradiance to allow for the measurement of in situ P-E curves of individual 

kelp. This method was used to generate, for the first time, photosynthesis-irradiance (P-E) curves and 
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photosynthetic parameters for entire adult E. radiata individuals in situ. To examine the applicability of 

using this system to improve our understanding of kelp productivity the P-E curves of adult E. radiata 

were measured and compared at two depths in northeastern New Zealand. Furthermore, to better 

understand the relative importance of conducting photosynthetic measurements in situ, the P-E curves 

from kelp measured in the field, and under both natural and artificial light conditions in the laboratory 

were compared.  

2.2 MATERIALS AND METHODS 

2.2.1 Description of the chamber and components 

The photorespirometry chamber consisted of a cylindrical frame (30 cm diameter x 41 cm height) 

constructed of flexible plastic pipe (Buteline, New Zealand) that was covered by a clear polyethylene 

plastic bag (450 x 900 mm, 100 µm thick) (Fig. 2.1a). The chamber and plastic bag enclosed the lamina 

of the kelp, as well as a dissolved oxygen logger and a PAR logger, and the bag was tightly sealed and 

secured around a closed-cell foam stopper fitted around the stipe of the kelp (Fig. 2.1a). The chamber 

enclosed the blades (lamina) of the kelp only, excluding the stipe and holdfast, as the vast majority of 

photosynthesis (>99% ) and respiration (95%) occurs in the blades of stipitate kelp (Gevaert et al. 

2011). The pump system was comprised of an inline pump (Rule Submersible and Inline Pump 

iL200Plus), with inflow and outflow tubes passing through the foam stopper into the chamber, and 

valves to allow water to be exchanged between the surrounding water and the chamber (flushing), and 

circulated in a closed-circuit flow. The pump had a flow rate of 5 L min-1 and was powered by an 

external submersible battery pack (Fig. 2.1a). The bag was sealed at a pre-marked position and the 

pump and valves were used to fill the bag, ensuring the volume of the chamber was consistent across 

incubations (32.2 L, SE= 0.27, n = 11). The positively buoyant frame provided attachment for the 

loggers, and shape to the chamber system allowing the blades of the kelp to array and move naturally 

within the chamber. The chamber was large enough to contain adult individuals that dominate the 

canopy, ranging in size from 10 to 40 cm primary lamina length.  

Dissolved oxygen concentration and temperature inside the chamber was logged at a frequency of once 

per minute by a D-Opto Logger optical dissolved oxygen logger (Envco, New Zealand). The D-Opto 
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Logger uses a solid-state optical sensing system to measure dissolved oxygen that does not consume 

oxygen, as conventional polarographic dissolved oxygen sensors do, is unaffected by water movement 

and highly stable over long periods of time. The D-Opto Logger corrected for temperature effects on 

dissolved oxygen (PPM) and the data was post-corrected for salinity. Irradiance (E) (photon flux 

density PFD, photosynthetically active radiation PAR 400-700 nm) was recorded using loggers with 

planar cosine-corrected PAR sensors (Odyssey Photosynthetic Irradiance Recording System, Dataflow 

Systems Pty Ltd, New Zealand) mounted inside the chamber, at the top and unimpeded by the frame or 

kelp lamina. Odyssey PAR loggers were calibrated on land against a LI-190 quantum sensor (LI-COR 

Biosciences, USA). These loggers are simple to deploy and are small and easy to mount inside the 

chamber. They have also been shown to have close agreement with LICOR spherical 4π scalar PAR 

sensors over a range of conditions (Long et al. 2012). 

2.2.2 Development and testing of the chamber 

The accuracy and limitations of the chamber system were assessed in a series of laboratory tests. An 

effective seal and impermeable chamber walls are necessary to prevent any transfer of water or gases 

between the inside of the chamber and the surrounding water. The seal and permeability of the chamber 

was visually tested by releasing dye inside the chamber, which indicated a highly effective seal with no 

evidence of leakage or loss of pressure within the bag. A further, more precise, test was made by filling 

the chamber with distilled water reducing oxygen concentrations to ~20% with N2, and submerging the 

sealed chamber (with artificial stipe) in ambient seawater for 2.5 h. Oxygen concentrations remained 

constant over the 2.5 h duration, indicating an effective seal and impermeability of the chamber walls 

to oxygen.  

Water motion is a key determinant of macroalgal production by influencing most of the abiotic and 

biotic factors that control net production (Hurd 2000), therefore interruption of the natural flow rate by 

the chamber walls could affect photosynthetic rates of the kelp in the chamber. Water motion within 

photorespirometry chambers is necessary to minimize boundary layers and prevent mass-transfer 

limitation of photosynthesis (Hurd 2000), and to ensure a well-mixed water body within the chamber 

for accurate readings of total dissolved oxygen. Previous tests of in situ incubation techniques using 

flexible bags indicated that water motion inside bags was comparable to that in the surrounding water 

for a variety of flow and wave conditions (Gust 1977; Gerard 1986; Miller et al. 2009). However, 
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initial tests in the present study revealed inconsistencies in dissolved oxygen concentration during 

measurements, indicating that a pump was required to provide adequate and uniform mixing of the 

water within the chamber. Incorporating a pump into the chamber also ensured a constant rate of flow 

(5.0 L min-1) and mixing under all the conditions that the photorespirometer was used. Variation in 

flow rate could affect photosynthetic rates, but that was not supported by test measurements in the 

laboratory under constant light conditions, which found no relationship between photosynthetic rates 

and flow rates over a range between 4.6 and 7.0 L min-1. This indicated that photosynthetic rates were 

not limited by water flow at 5 L min-1 in the chamber.  

A significant challenge to continuously measuring oxygen production in a chamber system is to 

accurately measure production while also avoiding oxygen supersaturation and nutrient and carbon 

dioxide limitation within the chamber that could potentially lead to declines in rates of oxygen 

production over time. Determining a suitable incubation duration, or duration of time before seawater 

within the chamber is renewed, is essential to ensure that algae are maintained in natural ambient 

conditions and photosynthetic rates are not compromised (Gerard 1986; Fairhead & Cheshire 2004b; 

Tait & Schiel 2010; Gevaert et al. 2011). A laboratory trial found that a maximum incubation time of 

40 min was a conservative duration to ensure photosynthetic rate of E. radiata was not limited (see 

Appendix 2.1 for details). Accordingly, in all field and laboratory incubations chambers were partially 

flushed after 40 min. 

2.2.3 Using the chamber system to generate P-E curves for kelp in situ 

Individual kelp of a suitable size (primary lamina length ~15-35 cm) and with minimal visible epiphyte 

cover were randomly selected for incubation, and any visible epifauna (i.e. gastropod molluscs) were 

removed. The foam stopper was attached around the stipe of the attached kelp, the frame and bag 

placed over the lamina, and the bag sealed tightly around the stopper with cable ties to ensure a 

watertight seal (Fig. 2.1b). The chamber was filled to a consistent volume using the pump and valves 

that allow water to be drawn into the chamber. When completely filled, the inflow and outflow valves 

were closed and the in-line valve opened to create a closed-circuit flow-through system whereby 

changes in oxygen could subsequently be measured. The chamber could also be flushed periodically 

with fresh seawater.  
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Respiration rate (Rd) was measured by enclosing the entire chamber in a double layer of black plastic. 

Photosynthetic rates were measured at five light levels in order to generate P-E curves for individual 

kelp.  While attached to the reef, light levels were manipulated using layers of shade-cloth, and changes 

in oxygen concentration were measured over a given period for each light level. However, in order to 

expose kelp to higher and potentially saturating irradiances, the kelp was detached from the substrate, 

attached to a lift frame by its holdfast, and suspended at shallower depths on a lift-frame (Fig. 2.1b). 

The lift-frame used in this study held two individuals, was made of PVC pipe and could easily be 

moved up a line secured to the seabed and held taut by a subsurface buoy (Fig. 2.1b). The positive 

buoyancy of the chamber and rigidity of the stipe held the kelp and chamber upright. The utilization of 

the lift frame and layers of shade cloth allowed rates of photosynthesis to be measured across a 

sufficient range of light levels to generate a P-E curve. The order of light sequence (increasing or 

decreasing) was assumed to not have an effect on photosynthetic rates based on Duarte et al. (2013). 

During field incubations individuals remained completely intact but were carefully detached from the 

substrate and attached to the lift frame. This did not cause visual indicators of stress, such as exudation 

of tannins, and testing showed that detaching and moving the plant up through the water column on the 

lift frame did not adversely affect photosynthetic rates. Paired t-tests indicated there was no significant 

difference between photosynthetic rates when kelp (n = 4) were detached from the substrate and 

attached to the lift-frame at the same depth (p-value = 0.196), and when they returned to the initial 

depth following measurements at shallower depths on the lift-frame (p-value = 0.190). 

Accurately measuring irradiance is essential, so in order to determine whether movement of the 

chamber with the surrounding water motion had any effect on the irradiance recorded, additional PAR 

loggers were mounted in a cleared space in the kelp forest nearby for comparison to the logger inside 

the chamber. Upward and downward-facing PAR loggers were mounted ~30 cm above the seabed, to 

measure downwelling irradiance (Ed) and to determine if there was significant upward reflected 

irradiance (Eu) that would not be recorded by the upwards facing logger inside the chamber. Upward 

reflected irradiance was low (<10 µmol m2 s-1) and downwelling irradiance recorded within the 

chamber and the nearby fixed logger were very similar after adjusting for the effects of the plastic bag. 

Irradiance (Ed) recorded by the logger within the chamber was used for all further data analyses as it 

most closely reflected the irradiance received by the algae during the photosynthetic measurements.  
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2.2.4 Application of the photorespirometry chamber 

2.2.4.1 In situ measurements of P-E curves for kelp at multiple depths  

Adult E. radiata sporophytes were incubated at 6 m (n = 6) and 14 m (n = 6) at Goat Island in June - 

August 2013. Two replicate photorespirometer chambers were deployed simultaneously between 

midday and 2 pm on clear cloudless days to utilize the highest available light levels to ensure that 

maximum photosynthetic rate was achieved, and to minimize fluctuations in light over the duration of 

the incubations. In each incubation photosynthetic rates of an individual kelp were measured at five 

irradiances in order to generate a P-E curve for that individual, in addition to a respiration (dark) 

measurement, with each being measured over a 10 min interval (60 min total). A duration of 10 min for 

each irradiance was found to be sufficient to show linear changes in oxygen concentration from which 

to calculate rates of respiration and photosynthesis, which were not different to linear changes over 

longer time periods (30-40 min). The short time period minimized fluctuations in light intensity during 

each irradiance level. This approach meant that a P-E curve could be generated for two individuals in a 

single dive. 

The different irradiances were achieved using slightly different procedures between the two depths, in 

order to ensure an appropriate range of irradiances to generate P-E curves. At 6 m, following the 

respiration (dark) phase, kelps were exposed to 45% (two layers of shade-cloth), 67% (one layer of 

shade-cloth) and 100% (no shade-cloth) of ambient PFD. The chamber was then flushed for 3 min to 

partially refresh (15 L) the water inside the chamber. The sporophyte (including holdfast) was then 

carefully detached from the substrate, attached to the lift frame by the holdfast, and photosynthetic 

measurements were taken at depths of 3 m and 1 m (both with no shade-cloth). At 14 m, light levels 

included 40% (one layer of shade-cloth) and 100% of ambient PFD, while attached to the bottom, 

followed by 3 min flushing and measurements on the lift frame at 10 m, 5 m and 1 m depth. At the end 

of the photosynthetic measurements kelp were collected and volume, wet weight and dry weight (dried 

at 60°C for 48 h) of the lamina were measured in the laboratory. 
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2.2.4.2 In situ versus laboratory measurements of photosynthesis 

To investigate whether field measurements of photosynthetic rates could be replicated under laboratory 

conditions, individuals of E. radiata (n = 10) were initially incubated in the field (at 6 m using the same 

methods described above) and then immediately transported, in darkness, back to the Leigh Marine 

Laboratory on the shore adjacent to Goat Island, for laboratory-based measurements. Kelp were kept 

individually in shaded outdoor tanks (200 L, 670 mm diameter x 830 mm depth; shading reduced PFD 

by 84%, simulating typical subtidal conditions at 6m depth) with a continuous flow-through seawater 

system (200 µm filtered). The kelp were attached by the holdfast to a base so they were orientated 

upright in the tanks. Water motion and turbulence was generated by a tipper bucket (~5 L every 90 sec) 

above the tank, refreshing the entire tank volume every 1 h.  

Photosynthetic measurements in the laboratory were carried out both indoors, under artificial light, and 

outdoors, under natural sunlight using the same chamber systems that were used in situ. These 

measurements were made in a randomized order over the following two days, 24 and 48 h after the in 

situ measurements on the same individuals. Incubations in the laboratory occurred at the same time of 

day as the in situ measurements, with 24h between measurements to minimize stress to the individuals. 

A single water source supplied the indoor and outdoor tanks and these were identical to the holding 

tanks. For the indoor measurements the artificial light source was provided by four 500 W halogen 

lights above each tank. Dark respiration (Rd) was measured first by covering the entire tank with two 

layers of black plastic in a darkened room. Photosynthesis was then measured at five irradiances by 

varying the amount of shade cloth (Sunfilta 50%) covering the tank (four layers to none). The dark and 

light phases were each 10 min duration. The chambers were flushed for 3 min between the third and 

fourth light phases, matching the field procedure. Light profiles in the indoor tanks were measured with 

a LI-192 underwater quantum sensor (LI-COR Biosciences, USA), and the extinction curve used to 

calculate the irradiance for each incubation based on the depth in the tank of the majority of the lamina 

tissue of the individual kelp in each incubation. For outdoor measurements dark respiration (Rd) was 

measured while light was excluded by a double layer of shade cloth (60%) and two layers of black 

plastic covering the entire tank. PAR loggers inside the chambers showed that this was sufficient to 

reduce irradiance to less than 1 µmol m-2 s-1. Photosynthesis was then measured at five irradiances by 

varying the amount of shade cloth covering the tank (four layers to none). PFD was measured with 

PAR loggers placed in each tank at the depth of the majority of the lamina tissue. The clear 
22 

 



 CHAPTER 2 
 
polyethylene walls of the chamber resulted in a slight reduction (4%) of incoming PFD into the 

chamber (measured in seawater using a LI-192 underwater quantum sensor, LI-COR Biosciences, 

USA), and PFD data from both the indoor and outdoor tanks was adjusted to account for this. At the 

end of the photosynthetic measurements the volume, wet weight and dry weight (dried at 60°C for 48 

h) of the lamina were measured in the laboratory. 

2.2.5 Data analysis 

Respiration and photosynthesis rates were calculated from the linear slope of oxygen concentration 

over the dark and light phases of the incubation period. Linearity of slope within each phase was 

inspected for any indication of changing rate (non-linearity), e.g. as a result of oxygen supersaturation, 

nutrient and carbon dioxide limitation, photoinhibition or enhanced post-illumination rates of dark 

respiration. There was no evidence of nonlinearity. Ten minutes of data were used for each phase, with 

the minute spanning the transition excluded. Irradiance was averaged over the same time period. Rates 

of respiration (Rd) and photosynthesis were expressed per unit dry biomass per hour (µmol O2 g-1 dw h-

1). For each individual a photosynthesis vs irradiance curve (P-E curve) was fitted using nonlinear 

regression in R (R: A Language for Statistical Computing, 2013, R Foundation for Statistical 

Computing, Vienna, Austria) of net photosynthesis normalized to dry weight (dw) on irradiance (E), 

following Webb et al. (1974): 

P = Pmax(1 – e-αE/Pmax)  

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

saturating irradiances, α = photosynthetic efficiency, the slope of the linear light-limited part of the 

curve, E = incident irradiance. Additional parameters calculated were Ek = the sub-saturating photon 

irradiance, the onset of light saturation estimated as Pmax/α, and Ec = the compensation irradiance at 

which photosynthesis balanced respiration estimated as Rd/α. 

Linear regression was used to analyze the relationship between photosynthetic parameters and algal 

weight. For the depth comparison no relationship was evident with size, so differences between the two 

depths were compared with one-way analysis of variance (ANOVA). A larger size range of kelp was 
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used for the in situ and laboratory comparison and there was a relationship with size. Therefore, 

analysis of covariance (ANCOVA) was performed to compare the relative difference of photosynthetic 

parameters and respiration rates in situ, and in the laboratory under natural light and artificial light. 

Data was log transformed to fulfil the assumption of equal variance. Analysis was performed in 

SigmaPlot 11.0 and R v3.0. 

2.3 RESULTS 

2.3.1 P-E curves and photosynthetic parameter comparison between depths 

Using the photorespirometry system and methods described above, accurate P-E curves were 

successfully generated for entire adult kelp individuals in situ (see Fig. 2.2 for examples from both 

depths). Photosynthetic rates measured across the range of irradiances in a single incubation meant 

saturating irradiance was achieved and Pmax was able to be modeled. The resulting P-E curves had r2 

values between 0.91 and 0.99. 

Sporophytes were a similar size at both depths, with comparable stipe length (40-78 cm), and total 

length of stipe and primary lamina (53-99 cm), and lamina dry weight of approximately 30 g (Table 

2.1). The mean lamina dry weight of E. radiata at the two depths was not significantly different (p = 

0.604). P-E curves of E. radiata differed between the two depths (Fig. 2.2, Table 2.1). Pmax was 

significantly higher in kelps at 14 m (F1,10 = 24.432, p <0.001; Fig. 2.2). At 6 m Pmax ranged from 49.3 

to 83.2 µmol O2 g-1 dw h-1, whereas at 14m it ranged from 84.9 to 114.4 µmol O2 g-1 dw h-1. There was 

no relationship between Pmax and size at either 6 m (r2 = 0.001, p = 0.958) or 14 m (r2 = 0.060, p = 

0.641). Alpha did not differ significantly between the two depths (F1,10 = 3.947, p = 0.075; Fig. 2.2), 

although generally higher alpha was exhibited by kelp at 14 m (Table 2.1). Alpha did not significantly 

differ with size for individuals from either 6 m (r2 = 0.180, p = 0.402) or 14 m sites (r2 = 0.157, p = 

0.437). Respiration rates (Rd) were significantly higher in kelps at 6 m (F1,10 = 6.167, p = 0.035; Fig. 

2.2). Rd did not significantly differ with size at 6 m (r2 = 0.152, p = 0.445) or 14 m (r2 = 0.116, p = 

0.575). Saturating irradiance (Ek) varied from 33.1 to 125.8 µmol photons m-2 s-1, and was not 

significantly different between depths (F1,10 = 0.767, p = 0.402). Ek did not differ with size at 6 m (r2 = 

0.170, p = 0.416) or 14 m (r2 = 0.317, p = 0.245). Compensation irradiance (Ec), the irradiance at which 
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photosynthesis balanced respiration, was significantly different between the depths (F1,10 = 9.774, p = 

0.012), with kelp at 14 m requiring lower irradiance than those at 6 m for photosynthesis to balance 

respiration (Table 2.1). Compensation irradiance did not differ with size at 6 m (r2 = 0.066, p = 0.624) 

or 14 m (r2 = 0.046, p = 0.731). 

2.3.2 P-E curves and photosynthetic parameter comparison between in situ and laboratory 

treatments 

The average length of kelp used in this experiment was 65.3 ± 1.4 cm (SE) (stipe plus primary lamina) 

and ranged from 60-75 cm. Average lamina dry weight (dw) was 43.2 ± 4.4 g and ranged from 27-63 g. 

In this comparison photosynthetic parameters were found to vary with kelp size (dw) (Fig. 2.3). Pmax 

varied in relation to size and treatment (ANCOVA, r2 = 0.70, F3,26 = 19.39, p < 0.001). Pmax in the field 

differed from Pmax in the laboratory under natural light (t = -3.83, p <0.001) and artificial light (t = -

5.85, p <0.001) (see Appendix 2.2 for curves for all 10 individuals). For a kelp of a given size, the 

median Pmax in the laboratory under natural light was 42% (22-57%, 95% CI) lower than in situ, and 

under artificial light it was 55% (41- 66%, 95% CI) lower than in situ rates. Alpha varied in relation to 

size and treatment (r2 = 0.76, F3,26 = 27.9, p < 0.001). Alpha in the field differed from alpha in the 

laboratory under natural light (t = 2.285, p = 0.03) and artificial light (t = -2.57, p = 0.02) (Fig. 2.3). 

The median alpha in the laboratory under natural light was 33% (2 to 72%, 95% CI) greater than it was 

in situ, and under artificial light it was 24% (5 to 39%, 05% CI) lower than in situ rates. Respiration 

rate (Rd) varied in relation to size but did not vary with treatment (r2 = 0.30, F3,26 = 3.55, p = 0.02) (Fig. 

2.3). Saturating irradiance did not differ significantly with size of individual in any of the treatments (in 

situ r2 = 0.142, p = 0.283; natural light r2 = 0.054, p = 0.520; artificial light r2 = 0.002, p = 0.914). One-

way ANOVA on saturating irradiance found significant differences between treatments (F2,27 = 20.746, 

p < 0.001) with saturating irradiance higher in situ compared to the laboratory-based treatments (Table 

2.2). Similarly compensation irradiance (Ec) did not vary with size (in situ r2 = 0.008, p = 0.809; 

natural light r2 = 0.228, p = 0.163; artificial light r2 = 0.032, p = 0.623), but there were no differences 

between treatments (F2,27 = 2.560, p = 0.096) (Table 2.2). 
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2.4 DISCUSSION 

This study describes a photorespirometry system that can be used to measure photosynthesis of intact 

adult kelp, while they are attached to the substrate, as well as to generate P-E curves for entire adult 

kelps in situ; to my knowledge, this is a unique design and application of such a system. Furthermore, 

the results presented from applying this method in the field, and comparing photosynthetic performance 

of kelp between the field and the laboratory, highlight the importance of carrying out photosynthetic 

measurements in situ and on adult kelps, rather than extrapolating photosynthetic results from 

laboratory-based studies, typically on small individuals or pieces of adult kelp, up to entire kelp forests. 

2.4.1 A photorespirometry chamber system for kelp 

The chamber described in this study contrasts with those used previously in that it was sealed and 

attached around the kelp’s stipe, and a flexible bag enclosed the entire lamina of an adult alga that was 

suspended in the water column, while the alga remained attached to the bottom. This means the kelp 

remained in its natural orientation and position within the kelp bed, thereby allowing rates to be 

measured in as close to natural conditions as possible. It also allows the enclosed kelp to move freely in 

the water column, rather than the chamber being fixed to the bottom where it is difficult to maintain a 

seal and more vulnerable to waves (e.g. Miller et al. 2009). A further novel aspect is that the alga can 

then be detached and the entire system moved up the water column, with minimal stress on the alga, 

into saturating light necessary to achieve maximum photosynthetic rates and generate a P-E curve. The 

fact that rates of photosynthesis did not differ from the original in situ measurement when the detached 

kelp was returned to its original depth, after moving it to the surface to obtain data to derive a P-E 

curve, suggests that detaching and moving the kelp on the lift frame does not cause any alteration in 

rates. 

The incorporation of within-individual and within-canopy shading effects in measurements made using 

the chamber is important for productivity measurements. This is because laboratory studies have 

suggested that photosynthetic rates of individual thalli cannot be scaled to estimate community 

production due to shading resulting from canopy architecture effects (Binzer et al. 2006 and refs 

therein). However, by measuring photosynthetic responses of intact whole thalli, naturally orientated 
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within intact natural canopy architecture, the within- and between-individual shading effects were 

incorporated into the measured P-E curves, thereby accurately reflecting photosynthesis in nature. The 

latter part of our method does involve lifting the kelp out of the canopy and up toward the surface to 

expose them to higher light levels required to saturate photosynthesis, thereby removing them from 

within-canopy and between-individual shading. However, the lack of difference in photosynthetic rates 

observed at a depth within the canopy and when the kelp was removed from the canopy suggests that 

removing the kelp from the canopy and attaching them to the lift frame has no short-term effects on 

photosynthetic rates. 

Enclosing an individual inside a chamber to measure photosynthesis does however have inherent 

issues, such as potential self-shading, the potential presence of other photosynthesizing or respiring 

organisms and alterations in water flow that could affect measured rates. The current system has been 

developed to minimize these limitations and, where possible, these were tested. The problem of 

increased self-shading was avoided by developing a large cylindrical chamber that did not excessively 

constrict the laminae of the individuals measured. The contribution of other organisms apart from the 

kelp to changes in oxygen concentration in the chamber was most likely negligible given that coarsely 

structured species such as E. radiata contain much lower epifaunal densities than finely structured 

macroalgae (Taylor & Cole 1994), and the contribution of organisms in the water (phytoplankton, 

zooplankton and bacteria), even during the spring period of high phytoplankton standing-crop, has been 

shown to be negligible (Gerard 1986; Cheshire et al. 1996; Fairhead & Cheshire 2004b). Given that the 

oxygen change in seawater by other organisms was highly unlikely to affect measured rates (or be 

detected in the 60 min duration) and performing ‘control’ incubations of seawater without kelp would 

have severely reduced the sample size, control incubations to measure background oxygen change were 

not conducted. A potential limitation of any measurement system that encloses a living organism, is 

that the immediate environment surrounding the organism is likely modified as a result of that 

enclosure. The pattern of water motion around the kelp was modified by the chamber and it is possible 

that a chemical property of the polyethylene bag or the tubing associated with the circulation system 

may have adversely affected photosynthetic rates. However, it is likely that any such effects were 

minimal, if only because the incubations required were short-lived. 
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2.4.2 Quantifying photosynthesis-irradiance relationships for kelp in-situ 

Application of this method in northeastern New Zealand provided the first in situ P-E curves for entire 

adult individuals of E. radiata. The higher Pmax and greater, albeit not significantly, photosynthetic 

efficiency (expressed in terms of alpha) of individuals measured at greater depth was generally 

consistent with photoacclimation at lower irradiances (Falkowski & LaRoche 1991; Kirk 2011). 

However, the rates of Pmax recorded for the adult sporophytes in the current study (ranging from 49 to 

114 µmol O2 g-1 dw h-1) were considerably lower than those recorded for juveniles (20-30 cm length, 1-

19 g dw of entire individual) at a similar time of year in South Australia (~300 µmol O2 g-1 dw h-1) 

(Fairhead & Cheshire 2004b). While a relationship between the size of individuals and Pmax was not 

found, for the range of sizes incubated in this comparison, the Pmax for kelp incubated in the field vs 

laboratory study declined with increasing biomass (size range from ~25-65 g lamina dry weight). The 

smaller individuals (<30 g) in this experiment had Pmax values (163-183 µmol O2 g-1 dw h-1) 

approximately half of the values reported by Fairhead and Cheshire (2004b). This indicates that small 

adult individuals have lower rates than juveniles, and that the lower rates of Pmax and alpha recorded in 

the depth comparison in this study are due to the larger size of the adult kelp incubated. Differences in 

photosynthetic characteristics between different developmental stages of sporophytes has been 

reported, with higher pigment concentrations and rates of photosynthesis and respiration in 

morphologically less complex, younger stages of development (Gomez & Wiencke 1996; Campbell et 

al. 1999), highlighting the problems associated with scaling photosynthetic results from small younger 

individuals to larger older ones.  

The higher Pmax of E. radiata recorded at the deeper site may not necessarily translate into higher net 

primary productivity compared to the 6 m population as overall irradiance is lower at greater depths 

and population density may vary. In fact, Novaczek (1984a) recorded considerably higher rates of 

growth in the dense populations of E. radiata at 7 m at Goat Island, compared to the more sparse 

populations at 15 m. Higher rates of growth in algae are frequently supported by increased rates of 

respiration (Geider & Osborne 1989). That rates of respiration at 6 m were greater than at 14 m would 

be consistent with Novaczek’s observations of higher growth rates. Combining the photosynthetic 

parameters obtained using the methods described in this study, with biomass (standing stock), and 

irradiance data in a productivity model (e.g. Miller et al. 2012) provides opportunities to estimate net 

primary production (NPP) and reconcile the relative importance of photosynthetic performance, light 
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and biomass in determining kelp forest productivity. These results demonstrate how this system can be 

used to better understand the productivity of a highly important kelp species. While this method was 

only used on E. radiata here, it can be easily customized for use on other kelps and large macroalgae, 

by modifying the size of the chamber frame, stopper, and plastic bags.  

2.4.3 Measuring photosynthetic rates in the field vs laboratory  

Laboratory-derived P-E curves, measured under both natural and artificial light, did not closely reflect 

P-E curves of the same individuals in situ. In particular, the maximal rates of photosynthesis were 

lower when plants were incubated in the laboratory, under both light conditions, compared to in situ 

measurements. These differences could be due to issues arising from transporting the kelp from the 

field to the laboratory, and/or related to the different light sources. During field incubations individuals 

remained intact and attaching the kelp to the lift frame and lifting it up through the water column did 

not appear to cause stress, or affect photosynthetic rates. Removing the kelp from the ocean and 

transporting to the laboratory undoubtedly causes short-term stress, but this was done as quickly as 

possible (~ 20 min) in darkness, and there was no evidence of permanent tissue damage, discoloration 

or exudation of tannins. The similarity in respiration rates among the three treatments can also be taken 

as evidence that transporting and holding the kelp in the laboratory did not cause undue stress. 

Nevertheless, if stress is in part responsible for lower rates of photosynthesis in the laboratory, this will 

likely apply to most laboratory-based measurements of photosynthesis on kelps and large seaweeds. 

Differences in light regimes was considered the most likely explanation for the differences observed in 

the P-E curves between the field and the two laboratory treatments. A fundamental difference between 

natural and artificial light is that light in the laboratory is delivered from a beam source and is constant, 

whereas light from the sun is more spatially diffuse (particularly at low solar elevation) and highly 

variable over multiple time-scales (i.e. seconds to annually). Irradiance is even more variable 

underwater, where wave-induced light fluctuations vary over very short timescales, creating light 

flecking or flashes. The dynamic light environment underwater has been shown to enhance algal 

productivity (Dromgoole 1988; Wing & Patterson 1993). Differences in the spectral distributions of 

solar vs. artificial irradiance are also likely and would mean that at the same irradiance for overall PFD 

photosynthetic rates could differ (Kirk 2011; Cullen et al. 2012). For example, the rate of 

photosynthesis in phytoplankton from deep water in the central North Pacific gyre is twice as great 
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with blue light as with white light of the same photon flux density (Laws et al. 1990). Differences in 

light spectra with depth may also influence in situ measurements, with greater exposure to white light 

at the surface. While our data suggests that this is not necessarily important as kelps photosynthesized 

most rapidly near the surface, there are reasons for caution and further investigation is needed into how 

variation in spectra associated with depth and also the experiment set up (e.g. plastic bag and shade 

cloth) influence the photosynthetic results. 

Artificial light in the laboratory is also highly directional with a fixed angle of incidence, resulting in 

marked light gradients from the surface to the bottom of the tank. We attempted to account for that by 

calculating a light extinction curve for the tank and calculating average irradiance during the incubation 

based on the depth in the tank of the majority of the lamina. This clearly introduces some error, as 

some of the algal tissue would have been exposed to more irradiance, and some to less, than the amount 

measured. The same is true for the outdoor treatment at the laboratory, the light source there was solar 

irradiance, but proximity of the walls of the tank would likely have a significant effect on directionality 

and scattering of light and establish much steeper gradients of light over smaller depth changes, 

compared to underwater at the field sites. Deciding how and where in the tank to take light readings 

poses quite a challenge, and the position of these measurements likely influenced the parameter values 

generated from the P-E curves. For example, the high photosynthetic efficiency (alpha) recorded in the 

outdoor tanks under natural sunlight could be influenced by where light was measured in the tank, i.e. 

the measured irradiance may have been lower than the value that the majority of the algal tissue was 

exposed to, thus making the slope of the light-limited part of the curve steeper than it would be if a 

higher irradiance value was used for those measurements. These findings clearly demonstrate that 

careful consideration is needed in terms of the type of light source used and how the light environment 

is quantified within a laboratory setting.  

The difficulties in producing a light environment in the laboratory that replicates natural settings, and in 

accurately measuring irradiance in the laboratory, are significant problems for laboratory-based 

photosynthetic measurements and highlight the value of carrying out photosynthetic measurements in 

situ. For example, the lower maximum rates of photosynthesis (Pmax) recorded in the laboratory in this 

study, compared to in situ, would result in an underestimate of overall kelp productivity. Nevertheless, 

while there are many valid applications of measuring photosynthetic rates in a controlled laboratory-

based setting, such as for comparing photosynthetic response among species, depths and even 
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experimental treatments, it is recommend that caution be taken when parameters from laboratory 

studies are applied to estimates of in situ production. Irrespective, measurements of in situ rates of 

photosynthesis and respiration can act as a robust guide to the reliability of other photosynthetic 

measurements that are not made in situ as well as to other methods used in estimating net primary 

productivity (e.g. those based on standing stock).   

2.4.4 Conclusions 

The method described here provides for the first time a robust means of measuring photosynthesis-

irradiance relationships (P-E curves) of adult kelps, as well as other large seaweeds, in situ. These 

results highlight the potential limitations of carrying out such measurements under laboratory 

conditions, in particular the use of artificial light sources, and suggest that using laboratory-derived 

photosynthetic measurements could underestimate kelp forest productivity. While we do not fully 

understand the effects that varying light spectra may have on rates of photosynthesis in nature, this 

technique is one important avenue that offers progress towards attaining that understanding. More 

generally, application of this method in both the field and laboratory provides an opportunity to better 

understand temporal and spatial variation in benthic primary productivity, the drivers of variation in 

productivity, and how it will be affected by climate change and other anthropogenic impacts such as 

sedimentation and eutrophication. 

  

31 
 



 CHAPTER 2 
 
Table 2.1. Mean (± SE) dry weight (dw) and wet weight (ww) of lamina (g), stipe length (SL) (cm), 
total length of stipe and primary lamina (TL) (cm), photosynthetic parameters and respiration rates of 
E. radiata at the 6 m (n = 6) and 14 m (n = 6) in winter 2013. Significant difference between depths 
indicated by * p < 0.05, ** p <0.01, (one-way ANOVA). Pmax maximum rate of net photosynthesis 
(µmol O2 g-1 dw h-1); α initial slope of the P-E curve at non-saturating irradiance; Ek saturation 
irradiance (µmol photons m-2 s-1); Ec compensation irradiance (µmol photons m-2 s-1); Rd respiration 
rate (µmol O2 g-1 dw h-1); r2 fit of P-E curve.     

Depth 
(m) 

dw 
 

ww SL TL r2 
 

Pmax 
 

α 
 

Rd 
 

Ek 
 

Ec 
 

6 28.6 
± 4.2 
 

184.6 ± 
22.7 

54.0 ± 
2.6 

67.0 ± 
2.8 

0.98 ± 
0.01 
 

67.6 ± 
5.4** 

0.87 ± 
0.08 

-13.0 
± 2.8* 
 

80.3 ± 
7.8 
 

15.0 ± 
2.8* 
 

14 29.7 
± 1.6 
 

199.7 ± 
12.2 

64.8 ± 
5.6 

81.7± 
6.4  

0.98 ± 
0.01 
 

102.2 ± 
4.5 ** 
 

1.19 ± 
0.14 
 

-5.7 ± 
0.8* 
 

91.9 ± 
10.7 

5.1 ± 
0.8* 
 

 

 

 

Table 2.2. Mean (± SE) of photosynthetic parameters and respiration rates of E. radiata in situ, and in 
the laboratory under natural and artificial light (n = 10). r2 fit of P-E curve   

Treatment r2 
 

Pmax 
 

α 
 

Rd 
 

Ek 
 

Ec 
 

In situ 0.99 ± 0.003  
 
 

160.6 ± 22.0 
 

0.95 ± 0.14 
 

-22.5 ± 3.4 
 

179.0 ± 14.2 
 

25.3 ± 2.9 
 

Laboratory – 
natural light 

0.97 ± 0.009 
 

96.0 ± 12.6 
 

1.29 ± 0.20 
 

-28.6 ± 5.7 
 

80.6 ± 8.5 
 

24.5 + 4.1 
 

Laboratory – 
artificial 
light 

0.99 ± 0.006 
 

 

72.67 ± 9.1 
 

0.69 ± 0.06 
 

-26.9 ± 4.7 
 

105.5 ± 8.4 
 

39.6 ± 5.1 
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Figure 2.1. Photorespirometry chamber system components (a) consisting of a cylindrical frame with 
attached PAR logger and dissolved oxygen logger enclosed by a polyethylene bag that seals around a 
foam stopper. A pump system is powered by a battery. The chamber system deployed in situ with two 
individuals (Ecklonia radiata) attached to a lift frame (b). Kelp can be incubated while attached to the 
substratum or while attached to a lift frame allowing the kelp to be moved up the water column into 
saturating light conditions near the surface. Note: the battery packs are obscured by the kelp forest in 
(b), but are clipped onto the lift frame line as kelp are raised higher into the water column. 
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Figure 2.2. Examples of in situ P-E curves for E. radiata individuals at 6 m (grey) and 14 m (black) 
depth at Goat Island. Note only three individuals from each depth are shown (as indicated by symbols), 
but dashed line indicates P-E curve for each depth (n = 6) based on average parameters (Table 2.1). 
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Figure 2.3. The relationship between size (dry weight of lamina) and photosynthetic parameters; Pmax 
and alpha (α); and respiration rates (Rd) of E. radiata measured in situ and in the laboratory under 
natural and artificial light sources (n = 10). Pmax, α, and Rd data log transformed. Regression lines fitted 
with ANCOVA, see Results section for significance 

20 30 40 50 60 70

P
m

ax
 (µ

m
ol

 O
2 

g-1
 d

w
 h

-1
)

3.0

3.5

4.0

4.5

5.0

5.5

6.0
In situ 
Laboratory - natural light
Laboratory - artificial light 

Dry weight (g)

20 30 40 50 60 70

R
d 

(µ
m

ol
 O

2 
g-1

 d
w

 h
-1

)

2.0

2.5

3.0

3.5

4.0

4.5

20 30 40 50 60 70

al
ph

a 
(µ

m
ol

 O
2 

g-1
 d

w
 h

-1
)

-1.5

-1.0

-0.5

0.0

0.5

35 
 



 CHAPTER 2 
 
Appendix 2.1. Results of trials in the laboratory to determine the maximum incubation duration for the 

chamber system. Adult E. radiata (n = 4) were exposed to irradiance (PFD) at low (90 µmol photons 

m-2 s-1), medium (180 µmol photons m-2 s-1) and high levels (360 µmol photons m-2 s-1). At each PFD 

the kelp were incubated for a continuous 90 min period without flushing. Oxygen concentration was 

measured every minute, and photosynthetic rates were calculated over 10 min intervals. Photosynthetic 

rates at all three light levels were found to remain constant for the first 40 min after which they 

declined. The figure shows mean (± SE) photosynthetic rate over the 90 minute duration of the 

incubation at low, medium and high PFD. 
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Appendix 2.2. P-E curves of E. radiata (n = 10) measured in situ (black line) and in the laboratory 

under natural light (red line) and artificial light (green line). Each plot (a-j) shows the three curves for a 

single individual.   
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Appendix 2.2 continued. P-E curves of E. radiata (n = 10) measured in situ (black line) and in the 

laboratory under natural light (red line) and artificial light (green line). Each plot (a-j) shows the three 

curves for a single  
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CHAPTER THREE - The effect of seasonal and depth-related variation 
in photosynthetic performance on kelp forest primary production 

3.1 INTRODUCTION  

Kelps are significant contributors to net primary production (NPP) in coastal ecosystems along much of 

the world’s temperate coastlines (Mann 1973; Duarte & Cebrian 1996). Being cool-water adapted 

species, recent observations of range shifts or loss of kelp canopy in some areas have been attributed to 

warming (Serisawa et al. 2004; Wernberg et al. 2011b; Díez et al. 2012; Tanaka et al. 2012; Andersen 

et al. 2013; Raybaud et al. 2013; Smale & Wernberg 2013; Wernberg et al. 2013). Climate change can 

also be expected to lead to more complex interactive responses due to synergistic effects of multiple 

concurrent stresses at global and local scales (Harley et al. 2006; Hawkins et al. 2008; Ling et al. 

2009a; Wernberg et al. 2010; Strain et al. 2014). Given that kelp primary production can have 

considerable effects on local and more distant habitats (Duggins et al. 1989; Krumhansl & Scheibling 

2012), changes to the functioning or distribution of kelp beds could have serious consequences for 

energy and tropho-dynamics in marine systems. Accurately quantifying spatial and temporal patterns of 

kelp primary production is therefore fundamental to the understanding of ecosystem functioning, 

energetics and tropho-dynamics in coastal marine ecosystems (Reed et al. 2008; Reed et al. 2009). It is 

also of increasing importance to quantify patterns of primary production, in order to assess and 

compare the consequences of global and regional climate change on primary production (Melillo et al. 

1993; Schneider et al. 2008; Reed et al. 2009). 

The importance of kelp to ecosystem functioning has meant there has long been a focus on quantifying 

growth rates and productivity (Kain 1979), and the physical and biological processes that control them 

(Dayton 1985; Schiel & Foster 1986). Kelp productivity has typically been estimated based on methods 

that measure growth and yield or standing biomass (Mann 1973; Mann & Kirkman 1981; Gerard & 

North 1984; Kirkman 1984; Dunton 1990; Reed et al. 2008; Reed et al. 2009). Standing biomass has 

been used to provide accurate estimates of net primary production (NPP) in some kelp systems, 

particularly the Californian giant kelp Macrocystis pyrifera forests (Reed et al. 2008; Reed et al. 2009). 

There, NPP has been estimated based on field measurements of biomass and a simple model of kelp 

dynamics that assumes the biomass within a sampling period was produced and lost at rates 
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proportional to the existing standing crop (Rassweiler et al. 2008; Reed et al. 2008; Reed et al. 2009). 

Particular population variables such as frond density (foliar standing crop) have been found to provide 

better estimates of, and drive variation in, NPP compared to plant density or growth rates (Reed et al. 

2008; Reed et al. 2009). The long-term, high-frequency (monthly) sampling program in the southern 

Californian kelp forests has provided a very comprehensive and unique data set that has allowed for the 

investigation of all the factors that influence NPP, including resource supply, disturbance, standing 

crop, recruitment and growth (Rassweiler et al. 2008; Reed et al. 2008; Reed et al. 2009; Reed et al. 

2011). Such comprehensive data sets are not available for other kelp populations, and it is unknown 

how applicable particular population variables for estimating production in floating kelp, such as M. 

pyrifera are to estimating production of subsurface kelps. A major difference between floating and 

subsurface canopy kelp is that most of the biomass of floating kelp is at the surface, whereas subsurface 

kelps can form extensive kelp forests spanning a range of depths. Therefore, kelp floating at the surface 

receives high irradiance, whereas subsurface kelp forests are exposed to a range of light levels 

depending on depth, which are comparatively much lower than the light levels received by floating 

canopy kelp.  

Estimates of production based on biomass measurements, in most cases, are complicated by the need to 

account for loss of photosynthetically fixed carbon by exudation, tissue loss from grazing or erosion, or 

loss of entire individuals if estimating at the population level, and typically provide relatively coarse 

temporal resolution (on the order of years) (Lobban & Harrison 1994). Furthermore, biomass 

measurements do not take into account, or provide insight into, the capability of kelp to photoacclimate 

and alter photosynthetic rates over depth gradients and seasonal light changes. For subsurface kelp, that 

ability may have important implications for production, as acclimation may enable them to display 

optimal photosynthetic performance throughout the year, and over the depth gradient, despite 

significant changes to the surrounding environment (Fairhead & Cheshire 2004b).  

Another approach to estimating productivity is based on direct estimates of photosynthetic rates 

obtained by measuring oxygen evolution or carbon fixation in enclosed chambers during field or 

laboratory incubations of individual taxa (Hatcher et al. 1977; Littler & Arnold 1982; Dunton & 

Jodwalis 1988; Fairhead & Cheshire 2004a; Richards et al. 2011) or multispecies assemblages 

(Cheshire et al. 1996; Miller et al. 2009; Tait & Schiel 2010). These methods have provided valuable 

information on the photosynthetic performance of individual species or communities, and effects of 
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canopy structure and composition on community productivity. Logistical constraints imposed by size 

limitations of the chambers have meant that larger macroalgae have rarely been studied, and typically 

pieces of tissue or juveniles have been used. Estimates of oxygen production by tissue pieces are 

unable to be scaled up to estimates of entire individuals because considerable variation in 

photosynthesis and respiration rates exists between different tissues within an individual, along a blade, 

or among fronds as a result of ontogenetic changes in photosynthetic characteristics, meaning rates of 

tissue pieces may not closely represent the photosynthetic rates of entire individuals (Hatcher 1977; 

Gerard 1986; Gevaert et al. 2011). The photorespirometry chamber system and methodology developed 

in Chapter 2 allows in situ measurements of photosynthesis and respiration rates of intact entire adult 

kelp within a subsurface kelp canopy. The photosynthesis versus irradiance (P-E) curves generated 

from these measurements can be combined with biomass and underwater irradiance information using 

physiological models (Miller et al. 2012) to estimate kelp forest productivity  

Modelling can be an effective tool to incorporate both physical and biological processes to estimate 

primary production of benthic macrophytes. These models can also be used to provide insights into the 

important drivers of variation in primary production. Models can range from simple physiologically-

based models incorporating light, biomass, and physiological parameters on photosynthetic response to 

light (Brinkhuis 1977a; Jackson 1987; Burd & Dunton 2001; Binzer & Sand-Jensen 2002a; Miller et al. 

2012), to more complex models incorporating physiological responses to multiple environmental 

variables (Duarte & Ferreira 1993; Duarte & Ferreira 1997). The type of approach taken depends in 

many ways on how data-rich the system is. For example, models including as many relevant processes 

as possible requires a much more extensive set of laboratory and field data to parameterize it, compared 

to a model that focuses on a few dominant processes. Another challenge is the paucity of datasets of 

measured primary production in the subtidal, meaning that most models are difficult to validate (see 

Miller et al. 2012; Harrer et al. 2013 for exceptions). 

Many subtidal benthic macroalgae, including Laminarians, exhibit seasonal patterns in growth, 

photosynthesis and respiration rates (Kirkman 1984; Hatcher et al. 1987; Kain 1989; Cheshire et al. 

1996; Fairhead & Cheshire 2004a), and consequently primary productivity can vary temporally 

between seasons and years (Hatcher et al. 1977; Cheshire et al. 1996; Fairhead & Cheshire 2004a; 

Miller et al. 2011a). Productivity of a given species can also be highly variable between different 

habitats or depths (Novaczek 1984a; Kirkman 1989; Fairhead & Cheshire 2004a). To better understand 
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the patterns and controls of primary production over the annual cycle for a kelp population requires 

seasonal data on physiological parameters, biomass standing stock and environmental drivers over a 

depth profile relevant to the species or assemblage.  

The stipitate kelp Ecklonia radiata (C. Agardh) J. Agardh is frequently the dominant subtidal canopy-

forming species found on rocky reefs on moderately-sheltered to exposed coasts in New Zealand and 

temperate Australia (Wernberg et al. 2003a; Shears & Babcock 2007). In northeastern New Zealand E. 

radiata typically forms continuous monospecific stands at depths greater than 6 m (Shears & Babcock 

2004). Previous studies have investigated productivity based on growth and tissue of E. radiata in 

Western Australia (Kirkman 1984; Kirkman 1989) and New Zealand (Novaczek 1984a). These studies 

found that maximum frond productivity occurred in spring and summer and the minimum production 

occurred in winter. Tissue production also declined with depth. Little is known about photosynthetic 

performance of E. radiata. Photosynthetic performance of juveniles was investigated in South Australia 

using a photorespirometry chamber system (Fairhead & Cheshire 2004a, 2004b). This study provided 

insight into the seasonal patterns of photosynthesis and production, but was limited to juveniles 

because of the small size of the chambers. It is not known how rates for juveniles correspond to rates of 

adult individuals that comprise the majority of the biomass and form canopies that modify the 

surrounding environment and create habitat for a myriad of associated species. Thus questions remain 

about photosynthetic performance of adult E. radiata over their depth range and the seasonal cycle, and 

what are the most important factors influencing productivity. For example, is production related solely 

to biomass and growth, and is photosynthetic performance an important factor?    

The objective of this chapter was to investigate how the P-E response of E. radiata varies with depth 

and season, and how this influences overall net productivity. To achieve this, photosynthetic 

parameters of E. radiata were measured seasonally at two depths (6 and 14 m), and these were 

combined with kelp biomass and underwater irradiance data in a simple physiologically-based model 

(Miller et al. 2012) to estimate seasonal and annual net primary production (NPP) at both depths, and to 

investigate the importance of the different drivers/controls of primary production for this important 

subsurface kelp species. To evaluate how well the model fitted the measured data for each season and 

depth, modelled estimates of gross primary production (GPP) were compared to in situ measurements 

of GPP for individual kelp. To assess the relative influence of the different components of the model on 
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production estimates, sensitivity analysis was used to determine whether the productivity estimates 

were more sensitive to changes in biomass, irradiance or photosynthetic parameters.   

3.2 MATERIALS AND METHODS  

3.2.1 In situ measurement of photosynthesis-irradiance parameters  

Photosynthetic measurements were made at 6 m depth in Alphabet Bay on the west side of Goat Island 

and at 14 m depth at North Reef, approximately encompassing the shallow and deep extents of the 

population at the location. The reef at both depths is dominated by monospecific stands of E. radiata. 

Photosynthesis and respiration measurements were carried out in 2012 and 2013. Measurements were 

made in all seasons at 6 m; between 1100 and 1600 hours during summer (December – February), and 

between 1200 and 1400 hours during autumn (March – May), winter (June – August) and spring 

(September – November). At 14 m measurements were made in summer and winter only, at the same 

time of day. All data presented for both depths were collected in 2013, except for during autumn at 6 

m, which was collected in 2012. The chamber method was developed in 2012 and data (P-E curves) 

were collected in autumn and winter at 6 m. The autumn rates were used in the seasonal comparison 

because data could not be collected in autumn 2013. This was justified by the similarity of P-E 

parameters measured in winter 2012 to those measured in winter 2013, supporting the use of autumn 

2012 as a substitute for autumn the following year. Photosynthetic measurements were made using the 

photorespirometry chambers described in Chapter 2. 

Adult individuals within the canopy with minimal visible epiphyte cover were selected, and any visible 

epifauna (i.e. gastropod molluscs) were removed. The chamber was filled to a consistent volume using 

the pump system, which has valves to allow water to be drawn into the chamber. When completely 

filled, the inflow and outflow valves are closed and the in-line valve opened to create a closed-circuit 

flow-through system. Incubations of individual kelp consisted of a 10 min dark phase where the 

chamber was enclosed in a double layer of black plastic to measure respiration rate (Rd), followed by 

five 10 min phases at varying light levels. At 6 m while attached to the substrate there were three 

phases at 45%, 67% (light manipulated with shade cloth layers) and 100% of ambient photon flux 

density (PFD, photosynthetically active radiation 400-700 nm). The chamber was then flushed for 3 
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min to partially refresh the water inside the chamber, and then the entire sporophyte (including 

holdfast) was detached from the substrate, and attached to the lift frame by the holdfast (see Chapter 2). 

The lift-frame was moved up to 3 m and 1 m below the surface for a 100% PFD phase at each depth. 

At 14 m while attached to the substrate there were two phases at 40% and 100% of ambient PFD. The 

chamber was then flushed for 3 min, the kelp sporophyte detached from substrate and attached to the 

lift frame and moved up to 10 m, 5 m and 1 m below the surface for 100% PFD phases at each depth.  

Following completion of incubations all kelp were collected and taken to the laboratory for 

measurement of morphometrics, volume of the lamina (in order to determine the exact volume of water 

in the chamber during the incubation), wet weight and dry weight of lamina (after being dried for at 

least 48 h at 60°C). Morphometric measurements included: stipe length (SL), stipe diameter (SD), 

primary lamina length (LL), total length (TL) from base of stipe to the ends of the secondary lamina, 

total number of secondary laminae, length of secondary laminae (n=5) and width of primary lamina at 

three points (n=3).  

Respiration and photosynthesis rates were calculated from the linear slope of oxygen concentration 

over the dark phase and each light phases of the incubation period respectively. Ten minutes of data 

were used for each phase, with the transitional minute excluded. PFD was averaged over the same time 

period. Rates of respiration and photosynthesis were expressed per unit dry biomass per hour (µmol O2 

g-1 dry wgt h-1). For each individual a photosynthesis vs irradiance curve (P-E curve) was fitted and 

photosynthetic parameters derived as in Chapter 2. 

3.2.2 Chlorophyll a and c 

Tissue samples were collected from all kelp that were incubated for photosynthetic measurements. The 

tissue pieces were collected from secondary laminae from the basal third of the primary lamina and 

stored frozen until pigment analysis was conducted. Chlorophyll (chl) a and c were extracted using 

dimethyl sulphoxide (DMSO) and methanol (1:4 v/v) following methods detailed by Duncan and 

Harrison (1982). The absorbance of chl a and c were determined spectrophotomically and 

concentrations of pigments calculated according to the equations of Jeffrey and Haxo (1968).  
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3.2.3 In situ PFD (photon flux density) monitoring 

In situ downwelling irradiance at 6 m and 14 m depth was recorded throughout 2013 using integrating 

data loggers with cosine-corrected sensors (Odyssey Photosynthetic Irradiance Recording System, 

Dataflow Systems Pty Ltd, New Zealand). Irradiance at the surface was recorded nearby at the Leigh 

Marine Laboratory. Loggers were calibrated on land prior to deployment, over a full range of 

irradiances from full sunlight (up to 2100 µmol photons m-2 s-1) to very low light (less than 10 µmol 

photons m-2 s-1), and darkness. Individual logger calibration curves were constructed using linear 

regression of raw logger values against values recorded by a LI-COR Quantum Sensor (LI-190, LI-

COR Inc., USA). The loggers were mounted approximately 30 cm above the seafloor on metal rods 

attached to heavy iron mooring bases located in small cleared patches within the kelp forest. Integrated 

photon flux density (PFD, µmol photons m-2 s-1) was recorded every 5 minutes. Loggers were deployed 

for 1 – 2 months before being replaced by a clean logger. Biofouling of the sensor by algae occurred 

during some deployments. The difference in irradiance recorded by the fouled logger and the clean 

replacement logger was used to calculate attenuation of the fouling community (Gallegos et al. 2005). 

Irradiance values were then corrected as an exponentially increasing function of time after deployment. 

Mean hourly PFD (µmol photons m-2 s-1) over the course of the day was calculated for every day of the 

year. Average and maximum daily PFD (µmol photons m-2 s-1) was calculated over the year at the three 

sites (surface, 6 m and 14 m depth). Daily quantum dose (mol photons m-2 d-1) was calculated by 

integrating the irradiance recorded every 5 minutes over the 24 h day.  

3.2.4 Physiological model of primary production 

A physiologically-based model incorporating photosynthetic performance measured from in situ P-E 

curves, biomass, and irradiance was used to estimate areal NPP (g C m-2 h-1) following the equation of 

Webb et al. (1974): 

NPP = Pmax ∙1-e(-αE/ Pmax) ∙b – Rd 

In this equation Pmax is the gross photosynthetic rate at saturating irradiance calculated from P-E curves 

measured in situ expressed as carbon production per unit mass (g C g dw-1 h-1), α is the initial slope of 
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the relationship between mass-specific GPP and irradiance at non-saturating irradiance (g C g dw-1 h-1), 

E is instantaneous irradiance on the seafloor averaged over 1 h (µmol photons m-2 s-1), 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 the in situ incubations. Oxygen 

evolution rates were converted to carbon using a photosynthetic quotient of 1 (Rosenberg et al. 1995).  

To determine how well the model predicted production of E. radiata the relationship between predicted 

and observed GPP was evaluated with linear regression over a range of seasons at both depths. For 

each deployment photosynthesis and respiration rates were measured allowing calculation of observed 

GPP. P-E curves of those individuals were used to estimate average P-E parameters specific to each 

season and depth, which were combined with biomass of the lamina of each individual and irradiance 

at the time of incubation to estimate GPP using the model above (plus respiration). This was performed 

for data from 6 m in autumn 2012 (32 GPP measurements on 8 individuals), and summer (47 GPP 

measurements on 7 individuals), winter (32 GPP measurements on 6 individuals) and spring 2013 (65 

GPP measurements on 11 individuals) and for data from 14 m in summer (35 GPP measurements on 6 

individuals) and winter 2013 (35 GPP measurements on 6 individuals).  

3.2.5 Estimating seasonal and annual NPP 

Due to known seasonal patterns of kelp biomass and growth (Novaczek 1984a), and irradiance 

(Novaczek 1984b), it was considered necessary to incorporate all four seasons into the model estimates 

of annual NPP. Photosynthetic parameters were obtained from P-E curves measured in situ at 6 m 

during summer, winter and spring 2013 and autumn 2012, and at 14 m during summer and winter 

2013. Due to the lack of measurements from autumn and spring at 14 m, photosynthetic parameters and 

respiration rates for those seasons were estimated as the average of summer and winter rates. This 

approach was justified based on Fairhead and Cheshire (2004b), who found a seasonal cycle in 

photosynthetic parameters for E. radiata  at 5 and 12 m depth, with Pmax and alpha being highest in 

winter, lowest in summer, and generally intermediate in autumn and spring. The relative effects of the 

decision to use intermediate values for the seasons without in situ measurements was examined by 

calculating the percent change in the seasonal estimates of NPP if measured values from adjacent 

seasons had been used.  
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Macroalgal standing crop was estimated for summer and winter at both depths and for spring and 

autumn at 6 m based on the biomass of the kelp that were used for photosynthetic measurements and 

the density of canopy kelp. Biomass for autumn and spring at 14 m was estimated as intermediate 

between summer and winter at each depth; patterns that were supported by seasonal biomass patterns 

recorded at the sites between summer 2012 and spring 2013 (K Rodgers unpublished data) and at the 

same sites over several years in the late 1970s (Novaczek 1984a). Biomass was scaled to areal standing 

dry biomass (g m-2) based on density data recorded at the sites between winter 2012 and summer 2014. 

All adult E. radiata individuals (canopy-sized individuals with mature-frond physiology, >15 cm SL) 

in a 1 m2 quadrat were counted. Density of adult canopy kelp did not significantly differ among seasons 

at 6 m depth (p = 0.44) or 14 m depth (p = 0.94) or between depths (p = 0.69). Density was therefore 

set as a constant across seasons and depths (12.6 ± 0.9 individual m-2).  

NPP was calculated for each day of the year, at each depth, based on hourly light and seasonal (as 

defined by the solar solstices and equinoxes) biomass and P-E parameters. Daily NPP was calculated as 

GPP during daylight minus total respiration over the 24 h period. Preliminary investigation into diel 

patterns in respiration rates of E. radiata in the laboratory (see Appendix 3.3) indicated that rates did 

not significantly change throughout the night, and were not significantly different from those measured 

in the dark at midday. For the model respiration rates were assumed to be constant over the 24 h cycle. 

All sources of error in the model were propagated to calculate error (SE) for the seasonal and annual 

estimates of NPP.    

Simple sensitivity analysis was performed to determine which factors (biomass, irradiance or the 

photosynthetic parameters Pmax and alpha) most influenced the estimates from the model (Miller et al. 

2012). The annual model was re-run using the field-collected irradiance, biomass and photosynthetic 

parameters and each time one parameter was varied ± 25%. The resulting output was expressed as 

percentage change from the original modelled values. 

3.2.6 Data analysis 

The relationship between P-E parameters and the biomass of kelp (lamina dry weight) was explored 

using linear regression. Two-way analysis of variance (ANOVA) on natural log transformed data was 
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used to compare the effect of depth and season (summer and winter) on biomass and P-E parameters. 

The effects of season on biomass and P-E parameters at the shallower site, where there was data for 

four seasons, was analysed separately using one-way ANOVA on natural log transformed data. Post-

hoc Holm-Sidak pairwise multiple comparison procedures were used to determine differences among 

seasons. The effect of season and depth on tissue levels of chlorophyll a and c and chl c:a ratios was 

also analysed with two-way ANOVA.  

3.3 RESULTS 

3.3.1 Biomass 

Biomass varied between seasons and depths, and there was a significant interaction (Table 3.1). 

Biomass was significantly different between depths in summer (p < 0.001), but not in winter (p = 

0.585), and biomass significantly differed within depths between summer and winter (6 m p <0.001, 14 

m p = 0.027) (Fig. 3.1a, Table 3.2). Biomass of kelp in shallow water (6 m) differed among seasons 

(one-way ANOVA, F = 33.167, p <0.001), with significantly greater biomass in summer than in the 

other seasons. Biomass was highest in summer and lowest in winter at both depths, although there was 

a much less pronounced difference between the two seasons at 14 m (Fig. 3.1a). Annual biomass was 

1.6 times higher at 6 m than at 14 m. 

3.3.2 Relationship between kelp size and P-E parameters  

During summer at the shallower depth when there was the widest range of individual kelp biomass 

(71.1 and 131.7 g lamina dry weight) there was a significant relationship between kelp size and Pmax (r2 

= 0.63, p = 0.03), with larger individuals having a lower Pmax (Appendix 3.1a). This relationship with 

size was not found at 14 m during summer (r2 = 0.07 p = 0.66) where kelp were smaller (between 27.9 

and 49.7 g lamina dry weight at 14 m). There was no relationship between Pmax and size in winter at 

either depth (Appendix 3.1a). None of the other P-E parameters (photosynthetic efficiency (α), 

respiration rate (Rd), saturating irradiance (Ek), or compensating irradiance (Ec) varied significantly 

with kelp size (lamina dry weight) at either depth during any season (Appendix 3.1b—e).  
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3.3.3 Seasonal and depth-related patterns in P-E parameters and photosynthetic pigments 

There was a significant interactive effect of season and depth on Pmax (Table 3.1, Fig. 3.1). Pmax was 

significantly higher at 14 m compared to 6 m in summer and winter (Fig. 3.1b). Pmax ranged from 27.7 

– 209.3 µmol O2 g-1 dw h-1 at 6 m depth and 72.0 - 251.5 µmol O2 g-1 dw h-1 at 14 m. At the shallower 

depth Pmax differed among seasons (one-way ANOVA, F = 18.910, p <0.001) with a significantly 

higher mean value in spring compared to all other seasons (Fig. 3.1b, Table 3.2). At 14 m Pmax was not 

significantly different between summer and winter (two-way ANOVA, pairwise multiple comparison p 

= 0.07) (Fig. 3.1b). Photosynthetic efficiency varied with depth, with higher α at 14 m (Table 3.1). 

Season did not have a significant effect on α, although it did tend to be lower in summer compared to 

winter and spring (Table 3.1, Fig. 3.1c). Respiration rate (Rd) varied with depth (Table 3.1), with higher 

mean Rd at the shallower depth (Fig. 3.1d). Respiration rates did vary seasonally at 6 m (one-way 

ANOVA, F = 5.400, p = 0.006), with significantly higher rates in spring compared to all other seasons 

(Fig. 3.1d). Saturating irradiance (Ek) did not vary with season and depth (Table 3.1), although mean Ek 

was higher in summer compared to winter at both depths (Fig. 3.1e, Table 3.2). At the 6 m site Ek 

differed across the four seasons (one-way ANOVA, F = 7.214, p = 0.001), with higher Ek in spring 

compared to all other seasons (Fig. 3.1e). Compensating irradiance (Ec) varied with season and depth 

(Table 3.1). Mean Ec declined with depth, and was lower in winter compared to summer at both depths 

(Fig. 3.1f). At 6 m depth Ec differed among all seasons except between summer and spring (one-way 

ANOVA, F = 10.407, p <0.001) (Fig. 3.1f).     

Levels of chlorophyll a in E. radiata varied with season but not depth (Table 3.3), with higher chl a in 

winter compared to summer at both depths (Fig. 3.2a). Chl c varied with season depending on the depth 

(Table 3.3). Chl c concentrations were higher in winter compared to summer at 6 m, and higher in 

summer compared to winter at 14 m (Fig. 3.2b), although the differences between seasons within 

depths were not significant. Chl c:a ratio varied with season but not depth (Table 3.3), with higher chl 

c:a ratio in summer compared to winter at both depths (Fig. 3.2c).  
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3.3.4 In situ irradiance  

There were clear seasonal and depth-related patterns in average daily photon flux density (PFD) and 

total daily irradiance (quantum daily dose) (Fig. 3.3a, b). On average daily PFD was 2.5 times higher at 

6 m than 14 m. Irradiance was greatest during summer at both depths, and lowest during winter (Fig. 

3.3a, b). During summer, 20% of the surface irradiance reached 6 m depth and 8% reached 14 m (Fig. 

3.3c). During winter the amount of surface irradiance reaching the bottom was reduced to 10% and 3% 

at 6 and 14m respectively (Fig. 3.3c). The peak in average hourly PFD varied seasonally but occurred 

between 1200 and 1400 hours (Appendix 3.2). Maximum hourly irradiance exceeded compensating 

irradiance (Ec) for some part of the day every day during summer (90 days) at both 6 and 14 m depth. 

However, during winter maximum irradiance was below Ec for 3 full days at 6 m and 7 full days at 14 

m, and for 1 full day during autumn and 2 full days during spring at 6 m (Ec and Ek not available at 14 

m for autumn and spring). Maximum hourly irradiance exceeded saturation irradiance (Ek) for some 

part of most of the days during summer at 6 m (85 days) and for under half of the days at 14 m (41 

days). During winter maximum irradiance was below Ek for 23 full days at 6 m and all (92) days at 14 

m, and for 15 full days during autumn and 23 full days during spring at 6 m.    

3.3.5 Seasonal and annual estimates of productivity 

Modelled GPP for each individual was strongly related to the observed GPP across all seasons and 

depths (y = 1.05(± 0.02)x, r2 = 0.83). The overall fit did vary with season (Fig. 3.4; r2 = 0.66-0.95), 

with lower r2 in summer and spring when rates were highest (Fig. 3.4). These results indicated that the 

model performed well at estimating instantaneous rates of primary production of E. radiata. 

Net primary production (NPP) of E. radiata showed strong seasonal patterns at both the shallow and 

deeper depths (Table 3.4, Fig. 3.5). Daily productivity rates of E. radiata averaged 1.7 ± 0.1 g C m-2 d-1 

across the year at 6 m depth, and 1.0 ± 0.1 g C m-2 d-1 at 14 m depth (Table 3.4), with highest daily 

productivity in summer and lowest in winter. The seasonal patterns in total NPP differed slightly 

between the two depths (Fig. 3.5). The majority of annual production occurred in summer at both 

depths (Fig. 3.5), and was 1.7 times greater at 6 m compared to 14 m. The pattern between depths was 

reversed during winter, where negative production was estimated at 6 m depth (Fig. 3.5). Estimated 
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annual production at 6 m (614.5 ± 6.6 g C m-2 y-1) was 1.6 times greater than at 14 m (373.5 ± 3.8 g C 

m-2 y-1). 

NPP estimates were most sensitive to changes in biomass (B) and photosynthetic parameters (Pmax and 

α simultaneously) (Table 3.5). Changes in B, and Pmax and α simultaneously resulted in proportional 

changes in modelled GPP. The model output was less sensitive to changes in irradiance or in Pmax or α 

separately. The model for the shallower site was less sensitive to changes in irradiance and α than the 

model for the deeper site. Production changed less with added light compared to subtracted light. For 

the 14 m depth, using mean P-E parameters (Pmax and alpha), respiration rate and biomass from 

summer instead of the estimated intermediate values for autumn resulted in a 42.8% lower estimate of 

NPP for autumn, and if winter values were used instead it resulted in a 15.4% higher estimate. 

Similarly, if summer values were used instead of the estimated intermediate values for spring it resulted 

in a 33.1% lower estimate of NPP for spring, and if winter values were used instead it resulted in a 

15.9% higher estimate. 

3.4 DISCUSSION 

In situ measurements of photosynthesis-irradiance relationships found that E. radiata at 14 m had 

higher maximum photosynthetic rates (Pmax) and photosynthetic efficiency (alpha) than kelp at 6 m. 

Kelp at both depths exhibited seasonal acclimation to lower light conditions in winter by increasing 

photosynthetic efficiency (alpha) and reducing compensating irradiance (Ec). Estimates of net primary 

production (NPP) based on in situ measurements of light, photosynthesis versus irradiance (P-E) 

parameters, and biomass revealed marked seasonal and depth-related patterns in productivity. Seasonal 

productivity patterns of E. radiata at both depths followed seasonal patterns of irradiance and biomass, 

with the highest NPP coinciding with the peak in biomass and irradiance in summer, and the minima in 

winter. This seasonal pattern in productivity has been consistently observed in many macroalgal 

species and multi-species assemblages (Brinkhuis 1977b; Cheshire et al. 1996; Miller et al. 2011a; 

Harrer et al. 2013). Production was higher at shallower compared to deeper depths in all seasons except 

winter, and annual production at 6 m was 1.6 times greater than at 14 m. The present study is the first 

to quantify kelp forest productivity based on in situ respiration and photosynthesis rates of canopy-

forming individuals. Measuring P-E response in situ, as opposed to in the laboratory, is critical to 
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obtaining accurate NPP estimates, given the differences that are observed between field and laboratory 

measurements (Chapter 2). The approach used provides a means to better understand how these 

important coastal ecosystems are affected by environmental factors, including climate change. 

3.4.1 Seasonal and depth-related patterns in biomass 

Biomass varied seasonally and with depth at the study site, with peak biomass in summer and 

minimum in winter. The seasonal pattern is consistent with other single and mixed species macroalgal 

assemblages (Novaczek 1984a; Duarte & Ferreira 1997; Harrer et al. 2013), and is driven by maximum 

growth in spring to summer, and reduced growth through autumn and winter (Kain 1979; Novaczek 

1984a; Larkum 1986; Kirkman 1989; Miller et al. 2011b). The relatively high biomass in summer at 6 

m therefore likely reflected the pulse of growth in spring and this was supported by higher rates of 

respiration (Geider & Osborne 1989). The timing of seasonal cycles, including growth, were slightly 

later or irregular at deeper (14 m) compared to shallower (6 m) depths (Novaczek 1984a). Therefore it 

is possible that biomass at 14 m may peak in autumn, but because this study did not measure biomass 

at 14 m in autumn this is unknown and further sampling is required to determine seasonal patterns of 

biomass at the deeper depth. Nonetheless, biomass at shallower depths certainly showed much greater 

change in biomass over the seasonal cycle compared to at the deeper depth; in summer biomass in 

shallow water was nearly three-times higher than in deeper water, and in winter the minima was similar 

across depths (Novaczek 1984a).   

3.4.2 Season and depth-related patterns in P-E parameters 

The photosynthetic capabilities of E. radiata varied with depth and season. At 14 m Pmax and 

photosynthetic efficiency (expressed in terms of α) were higher, and mean respiration rate (Rd) and the 

irradiance required for photosynthetic compensation (Ec) were lower compared to values at 6 m depth. 

These values at deeper depths are characteristic of algae acclimated to low light (Miller et al. 2006). 

Similarly, seasonal responses of the kelp to reduced irradiance in winter were evident in increased 

tissue levels of chl a, increased efficiency (α), and reduced irradiance required to achieve saturation of 

photosynthesis (Ek) and for the demands of photosynthesis to exceed those of respiration (Ec), during 

winter compared to summer. The lower ratio of chl c:chl a in winter and spring compared to summer 
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may be further evidence of adaptation to low light conditions, whereby chl a production is maintained 

at the expense of the accessory pigment chl c (Wheeler 1980; Gomez & Wiencke 1996). Overall, the 

observed differences between depths and among seasons are in agreement with the theory of 

photoacclimation. This states, that in general as irradiance decreases the concentration of light-

harvesting pigments increases due to an increase in number of photosynthetic units (PSU) and/or the 

average size (as absorption cross-section) of PSUs in response to low irradiance, thereby increasing the 

capacity for capture and utilization of available energy (Ramus et al. 1976; Falkowski & LaRoche 

1991; Kirk 2011). In addition to increasing pigment content and efficiency at capturing and transferring 

energy at low light, E. radiata in other New Zealand locations has been shown to acclimate to low light 

by increasing surface area of the thallus (Miller et al. 2006), however this was not quantified in this 

study.  

Most of the seasonal variation in P-E response follows the variation in irradiance over the year, but not 

always. For example, at 6 m the highest Pmax and respiration rates were measured in spring, although 

light was highest in summer. This could be a result of rapid growth in the high nutrient and relatively 

high light conditions of spring (Novaczek 1984a). Pmax and respiration were lower in summer, even 

though light was higher, potentially due to a decline in nutrients and warmer water temperatures. 

Although rates of photosynthesis and respiration from summer and winter 2012 are consistent with 

2013 data, it is unknown how much inter-annual variation in rates and P-E parameters exists for other 

seasons and over a greater number of years.   

Acclimation of the photosynthetic response and capabilities of E. radiata to lower light conditions in 

deeper water is critical for allowing the population to remain productive over the annual cycle in low 

light conditions (Ramus et al. 1976). The importance of this greater efficiency in deeper water is 

illustrated by the fact that in summer, although irradiance is 3 times higher, and biomass 2.5 times 

higher at 6 m compared to 14 m, NPP was only 1.7 times higher at 6 m compared to 14 m. This smaller 

difference in NPP between depths, than would be expected based on the differences in light and 

biomass, is because the kelp at 14 m were more efficient at capturing and transferring energy at low 

light, in short they photosynthesize more effectively with the limited light available to them.   
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3.4.3 Modelling kelp forest primary production 

This study found seasonal and depth-related variation in P-E parameters, light and biomass, all of 

which were incorporated into an annual model of NPP for E. radiata. An advantage of the modelling 

approach incorporating P-E parameters, irradiance and biomass is that it allows investigation of the 

relative importance of these factors in influencing NPP estimates (Miller et al. 2012; Harrer et al. 

2013). By quantifying these factors at multiple depths, and seasons in the case of P-E parameters and 

biomass, and hourly for irradiance, the relative importance of these factors can be explored over the 

depth gradient of the kelp forest over the annual cycle. 

The simple model framework used in this study reasonably accurately predicted NPP based on the 

photosynthetic capacity of E. radiata, their biomass and photon flux density (PFD) over an annual 

cycle (r2 = 0.83). The same model has previously been applied to understory multi-species macroalgal 

communities in giant kelp (M. pyrifera) forests, where it explained 70% of the variation in measured 

estimates  (Miller et al. 2012). Our results show that this type of model is also applicable for estimating 

production of a large sub-surface kelp species that achieves higher standing biomass and daily NPP 

than understory macroalgae.  

3.4.3.1 Influence of biomass, P-E parameters and irradiance on modelled estimates 

Model sensitivity analysis indicated that biomass and P-E parameters contributed equally to estimates 

of production. Varying algal biomass and P-E parameters resulted in proportional changes in 

production, mirroring the findings of Miller et al. (2012) for understory macroalgae. In multispecies 

communities however, the biomass of large algae or the most abundant species in terms of biomass, 

despite having lower biomass-specific photosynthetic rates, largely determine GPP (Copertino et al. 

2005; Miller et al. 2009; Miller et al. 2012). Biomass has been shown to be a reliable indicator of NPP 

of giant kelp (M. pyrifera) and associated understory macroalgal assemblages in California (Reed et al. 

2008; Harrer et al. 2013), but for understory macroalgae the predictive ability of biomass to estimating 

annual NPP is seasonally variable, in that summer but not winter biomass is useful for predicting 

annual NPP (Harrer et al. 2013). This similarly applies to E. radiata, although the proportional 

difference in biomass between the two depths annually is the best predictor of the difference in NPP 
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between depths for this subsurface kelp where the seasonal peaks in growth can occur at different times 

of the year depending on depth.   

Varying the P-E parameters separately showed that the model for the shallower site was more sensitive 

to changes in Pmax, whereas the model for the deep site was more sensitive to changes in alpha. This 

makes sense in the context of the differing amount of irradiance available at the two depths. At the 

deeper site light is seldom saturating therefore photosynthetic efficiency is more important, whereas at 

6 m light is more often saturating thus a change in Pmax has a larger influence on estimated NPP. 

Varying irradiance had less of an impact on the results of the model, and that impact varied with depth 

and whether light was increased or decreased. Production changed less with added light compared to 

subtracted light, due to the saturating nature of the photosynthesis-irradiance relationship: once the 

saturation irradiance is reached no further increase in NPP is possible (Miller et al. 2012). This also 

explains why the deeper population is relatively more sensitive to changes in light, given that they are 

operating at subsaturating irradiance for much of the time. Any change in light at deeper depths has a 

larger effect on NPP compared to in shallower water where they are receiving saturating irradiance for 

more of the time. This is supported by the observation that kelp at 14 m are exposed to saturating 

irradiance for less than half the days in summer and for a mean of 4 h during those days, compared to 

kelp at 6 m which receive saturating irradiance nearly every day (95%) for a mean of 11 h a day. 

During winter the difference is more extreme, kelp at 14 m are permanently below saturating 

irradiance, whereas those at 6 m receive saturating irradiance 75% of the days for an average of 4 h a 

day. Despite the model showing less sensitivity to changes in irradiance, higher light levels would 

undoubtedly have led to higher NPP considering the extent to which NPP is light limited, particularly 

with depth.   

3.4.3.2 Limitations of the modelling approach, and sources of error 

The model presented here provides a useful approach to estimate production and gain insight into the 

factors influencing production. However there are sources of potential error in the parameterization of 

the model that could have influenced estimates of NPP. Firstly, photosynthetic parameters and biomass 

at 14 m were estimated for seasons where in situ photosynthetic measurements (autumn and spring) 

were lacking. Estimates were based on the average of biomass and parameters of the measured seasons 

(summer and winter) either side of the seasons for which data was missing. The rationale for this is that 
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biomass from previous studies (Novaczek 1980), and irradiance followed seasonal patterns and were 

intermediate between summer and winter in those seasons, as generally was the measured P-E 

parameters over the seasonal cycle at 6 m depth. Although Pmax and respiration rates were highest in 

spring at 6 m, it is likely that at 14 m they were highest in summer due to the offset in timing of growth 

with greater depth (Novaczek 1984a), which justifies using intermediate P-E values for spring and 

autumn. Given that the model was most sensitive to changes in photosynthetic parameters and biomass, 

the effect of the choices of parameter inputs on NPP estimates was investigated. Instead of using 

intermediate values for autumn and spring at 14 m NPP was estimated using the measured values for 

the seasons either side. This was found to have a variable effect, with the use of summer values 

resulting in lower estimates of production for both autumn and spring (42 and 33% lower respectively), 

compared to estimates using intermediate values. Using winter values instead resulted in a 15% 

increase in NPP for both autumn and spring NPP compared to estimates using intermediate values. The 

large reduction in NPP estimates for autumn and spring if summer values were used for those seasons 

can be explained by the combination of decreased light availability in those seasons, combined with 

higher summer values of Pmax and respiration, and lower photosynthetic efficiency, meaning estimates 

of productivity would not be as high as they were when the seasonal acclimation of the kelp (adjusting 

of P-E parameters and respiration as light declines) was taken into account. 

Another source of error in the accuracy of estimates of NPP could be due to the size of the kelp 

incubated. While kelp that were incubated were randomly selected and typical of canopy individuals, 

larger or smaller individuals than those measured could have different photosynthetic response, leading 

to over- or under-estimation of population NPP. Analysis of the relationship between size and 

photosynthetic parameters indicated that the largest individuals that were sampled, during summer at 

the shallower site, did tend to have lower Pmax and alpha. Larger individuals therefore likely have lower 

productivity, and an estimate of NPP based on smaller individuals would overestimate NPP for areas 

with the largest kelp in summer. Incorporating size-dependent P-E parameters could further refine NPP 

estimates.  

Another potential source of error in productivity models can arise from extrapolating rates measured at 

particular times of the day to the entire 24 h cycle. Some algae exhibit diurnal variation in 

photosynthetic performance that do not parallel diurnal changes in environmental variables 

(specifically irradiance) (Lobban & Harrison 1994; Kirk 2011). Whether E. radiata exhibits diurnal 
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rhythms in photosynthetic response is unknown and warrants further attention. Furthermore, the degree 

of difference between respiration rates during the night and those measured during the day is typically 

unknown. Enhanced post-illumination respiration rates have been observed in some algae, but it was 

not observed with E. radiata. Preliminary investigation into respiration rates of E. radiata over a 24 h 

cycle in the laboratory indicated that rates did not significantly change throughout the night, and were 

not significantly different from those measured in the dark at midday (Appendix 3.3). However, rates 

may be higher in mid-afternoon. Respiration rates were assumed to be constant over the 24 h cycle (in 

the model), but this needs further investigation. It should also be noted that measured photosynthesis 

and respiration rates of E. radiata in the chambers incorporates oxygen consumption by any organisms 

in the seawater and on the kelp e.g., microinvertebrates or biofilm. The oxygen exchange associated 

with these organisms cannot be determined from our data, but is assumed to be orders of magnitude 

lower than that associated with the macroalgae.  

3.4.3.3 Comparison of NPP estimates for E. radiata to previous estimates and other kelps   

Previous estimates of productivity of E. radiata based on growth rates and tissue production at the 

same site as where the current study took place, indicated considerably lower productivity at 14 versus 

6 m depth (0.3-0.5 versus up to 6 kg dry weight (dw) of tissue m-2 y-1) (Novaczek 1984a). The large 

difference in tissue production between depths appears to be due to differences in size and density of 

the kelp at the two depths when the study took place. In the late 1970s juvenile kelp (<15 cm stipe 

length) were extremely numerous (50-100 m-2) at 6 m and their inclusion resulted in the high upper 

range of the shallow water production estimate. In contrast, the density of kelp at the deeper depth was 

much lower (3 canopy kelp, 12 smaller kelp and a few recruits m-2). Tissue production on an individual 

basis did not differ greatly between depths; at 6 m canopy sized individuals produced an average of 52 

g dw y-1, compared to 42 g dw y-1 at 14m (Novaczek 1984a). The lack of major difference in individual 

tissue production between depths confirms that the difference in production (m-2) was driven by 

differences in density and size composition between the depths. 

When individual annual tissue production is converted to estimates of carbon production, based on a 

carbon to dry mass fraction for E. radiata of 0.2 (Haggitt 2004), large differences are evident in 

estimated production between Novaczek (1984a) and the present study. Annual carbon production of 

an individual in the present study was much higher at both depths than estimates from Novaczek 
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(1984a) based on tissue production. At 6 m annual production based on modelling was 48.6 g C 

individual-1 y-1 compared to 10.4 g C individual-1 y-1 based on tissue production. At 14 m annual 

production based on modelling was 29.5 g C individual-1 y-1 compared to 8.5 g C individual-1 y-1 based 

on tissue production. In addition to higher estimates of production based on photosynthetic 

measurements and modelling, the difference in production between depths was greater using that 

method; production at 6 m was 1.6 times higher than at 14 m, compared to 1.2 times greater based on 

the tissue production estimates. The differences between estimates from the two studies is either due to 

individual production of kelp somehow increasing between the late 1970s and 2013, or more likely, 

due to the different approaches used to estimate production. The methodology used in the present study 

based on photosynthetic and respiration rates and modelled production reflects total carbon produced 

by an individual over the year, irrespective of the fate of that carbon. The method measuring tissue dry 

weight production, in contrast, does not include (an unknown amount of) carbon exuded as dissolved 

organic carbon (DOC). Exudation has been shown to the source of considerable carbon loss in 

seaweeds (30-40% of net assimilation) (Hurd et al. 2014), and kelps have been shown to exude highly 

variable amounts of organic carbon, between 18-62% of net primary production in Ecklonia cava 

(Wada et al. 2007) and ~26% of fixed carbon in young Laminaria hyperborea (Abdullah & Fredriksen 

2004). However, exudation rates of DOC and other compounds, such as brown-algal-specific 

phlorotaninns, are highly species dependent and may, or may not, vary with a variety of abiotic and 

intrinsic factors, season, and level of stress exposure (Jennings & Steinberg 1994; Abdullah & 

Fredriksen 2004; Hulatt et al. 2009; Hurd et al. 2014). Although exudation would account for some of 

the difference in estimates of carbon production between photosynthesis-based and tissue production 

methods, based on the published rates exudation alone is unlikely to explain the magnitude of the 

difference in estimates. Given that estimates based on tissue production underestimate production 

compared to physiologically-based modelled estimates, it may be concluded that tissue production rates 

do not adequately reflect net primary production of carbon in E. radiata.  

Population production estimates for E. radiata at Goat Island would also differ between the production 

estimates from the 1970s and the present because of differences in the developmental stage of the kelp 

forest. The present study took place in mature kelp forest, characterized by low numbers of recruits and 

juveniles (8 and 16 juveniles m-2 in 6 and 14 m respectively) and a consistent density (12 individual m-

2) of larger kelp across the entire depth gradient. In contrast the shallow kelp forest in the 1970s 

appears to have been a recovering forest, characterized by extremely high number of juvenile and small 
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individuals, which would thin out as the forest develops to maturity. Decline in kelp density was 

documented between 1978 and 1996 in permanent quadrats at Leigh, with a decline in individuals from 

19.6 ± 3.9 to 10.8 ± 1.4 individuals m-2 (Babcock et al. 1999). Changes in developmental stage of the 

kelp forest over time can largely be explained by periodic mass mortality of adult stands, which creates 

space for large numbers of recruits to flourish following those mortality events (Cole & Babcock 1996; 

Haggitt 2004). 

The potential differences in NPP estimates obtained depending on whether measurements are based on 

canopy kelp or juveniles is highlighted by comparing the results from this study to those obtained from 

in situ measurement of photosynthesis and respiration rates of juvenile E. radiata in South Australia 

(Fairhead & Cheshire 2004a). Production of juveniles (20-30 cm in length and 1-20 g dw, compared to 

60-140 cm length and 28-132 g dw in this study) from 5 m depth was over 8 times greater when 

averaged across the year, compared to adults at 6 m in this study. Productivity of juveniles from 12 m 

was ~1.4 times higher when averaged across the year (Fairhead & Cheshire 2004a), suggesting less 

difference between adult and juvenile productivity in deeper compared to shallow water.   

Some interesting comparisons of productivity of subsurface canopy kelp versus floating kelp canopies 

can be made from this study and those in giant kelp forests (M. pyrifera) in California (Miller et al. 

2011a; Harrer et al. 2013). Daily net productivity of E. radiata at 6 m was greater than that of M. 

pyrifera in summer and autumn, but lower in winter and spring (Miller et al. 2011a). The greater daily 

productivity of E. radiata for some of the year is surprising to some extent, given that subsurface kelp 

are exposed to lower PFD than floating canopies. The lower production of M. pyrifera in summer is not 

explained by high light stress either, even though they are floating and exposed to very high PFD in 

summer, as canopy blades maintain high photosynthetic rates under the highest natural light conditions 

(Gerard 1986). Likewise, photoinhibition was not observed for E. radiata at 6 m, indicating that PFD at 

that depth in summer was not high enough to be inhibitory. The higher productivity of M. pyrifera in 

winter and spring can be explained by high nutrients, and less light limitation for a floating canopy at 

the surface, compared to subsurface. M. pyrifera is often used as an example of the extremely 

productive nature of kelp forests, but averaged over the year, daily NPP of M. pyrifera (1.9 ± 0.4 g C 

m-2 d-1) is comparable to that of E. radiata (1.7 ± 0.1 g C m-2 d-1) at 6 m. This highlights the less well-

documented, and perhaps less well-known, high production capability of subsurface canopy kelp forest.  
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3.4.4 Conclusions 

Modelling kelp productivity by incorporating photosynthetic parameters, biomass and irradiance data 

provides a useful tool for quantifying production and examining the factors influencing productivity. 

Sensitivity analysis indicated that NPP estimates were equally sensitive to variation in biomass and 

photosynthetic parameters, highlighting a need to accurately estimate both of those factors. The 

approach also provides a mechanism for investigating the magnitude of the effects of spatial or 

temporal distributional changes on carbon production. The key finding of this study was that the 

difference in biomass of E. radiata between depths was proportional to differences in production, 

despite lower light. This indicates that photoacclimation of kelp in deeper water means they have 

greater photosynthetic ability compared to those in shallow water, which offsets the effects of lower 

light on NPP. While these findings demonstrate the importance of incorporating depth-related variation 

in photosynthetic performance in estimating production of subsurface kelp forests, they also suggest 

that biomass likely provides a good proxy for overall NPP across depths. However, to determine the 

applicability of the relationship between annual biomass and production to other locations or other 

subsurface kelp species, it is essential that the acclimatory response of the kelp over the depth range is 

established, to ascertain whether it is sufficient for the photosynthetic rates to be essentially identical 

across depths.  
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Table 3.1. Two-way analysis of variance (ANOVA) of dry weight of the lamina, respiration rate (Rd), 
and photosynthetic parameters of E. radiata at two depths in Goat Island Bay over two seasons 
(summer and winter) and between depths (6 m and 14 m) (df = 1). Pmax Maximum rate of 
photosynthesis, Rd Respiration rate, α Initial slope of the P-E curve at non-saturating irradiance, Ek 
Saturation irradiance, Ec Compensating irradiance. 

Source of variation F P 
Dry weight 

 

  
  Season 

   

   

76.14 

 

<0.001 

 

  Depth 

 

19.62 

 

<0.001 

 

  Season x depth 

 

27.13 <0.001 
Pmax 

 

  
  Season 

   

0.28 

 

0.605 

 

  Depth 

 

28.12 

 

<0.001 

 

  Season x depth 5.31 0.032 
Rd 

 

  
  Season 

   

1.86 

 

0.189 

 

  Depth 

 

5.78 

 

0.027 

 

  Season x depth 2.54 0.128 
α 

 

  
  Season 

 

2.98 

 

0.100 

 

  Depth 

 

6.21 

 

0.022 

 

  Season x depth 0.54 0.472 
Ek 

 

  
  Season 

   

 

3.41 

 

0.079 

 

  Depth 2.79 

 

0.110 

 

  Season x depth 1.08 0.312 
Ec 

 

  
  Season 

 

8.29 

 

0.010 

 

  Depth 

 

17.29 

 

<0.001 

 

  Season x depth 0.31 0.586 
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Table 3.2. Mean (SE) dry weight (dw) of lamina (g), photosynthetic parameters and respiration rates of 
E. radiata measured at 6 m depth in summer 2013, autumn 2012, winter 2013, spring 2013, and at 14 
m depth in summer 2013 and winter 2013. Pmax Maximum rate of photosynthesis (expressed in terms of 
net primary production (NPP) µmol O2 g-1 dw h-1); α Initial slope of the P-E curve at non-saturating 
irradiance; Ek Saturation irradiance (µmol photons m-2 s-1); Ec Compensating irradiance (µmol photons 
m-2 s-1); Rd Respiration rate (µmol O2 g-1 dw h-1); r2 fit of P-E curve.     

Depth 
(m) 

Season/Year dw 
 

r2 
 

Pmax 
 

α 
 

Rd 
 

Ek 
 

Ec 
 

6  Summer 2013 
n = 7 

104.8 
(7.6) 
 

0.95 
(0.01) 
 

56.6 
(10.3) 
 

0.65 
(0.13) 
 

-13.0 
(0.8) 
 

104.0 
(19.9) 
 

28.1 
(7.1) 
  Autumn 2012 

n = 5 
51.3 
(6.5) 

0.99 
(0.01) 

71.4 (7.1) 0.98 
(0.20) 

8.9 
(1.3) 

87.5 
(23.8) 

10.2 
(1.8) 

 Winter 2013 
n = 6 

28.6 
(4.2) 
 

0.98 
(0.01) 
 

67.6 (5.4) 
 

0.87 
(0.08) 
 

-13.0 
(2.8) 
 

80.3 
(7.8) 

15.0 
(2.8) 
  Spring 2013 

n = 10 
43.3 
(4.4) 
 

0.98 
(0.01) 

143.2 
(10.2)  
 

0.88 
(0.13) 
 

-21.3 
(2.9) 
 

178.4 
(14.0) 
 

26.5 
(3.2) 

14 Summer 2013 
n = 5 

42.1 
(4.2) 
 

0.98 
(0.01) 

164.4 
(29.8) 
 

1.01 
(0.13) 
 

-11.5 
(2.6) 
 

186.6 
(19.9) 
 

11.2 
(1.8) 
  Winter 2013 

n = 6 
29.7 
(1.6) 
 

0.98 
(0.01) 
 

102.2 
(4.5)  
 

1.19 
(0.14) 
 

-5.7 
(2.8) 
 

91.9 
(10.7) 
 

5.1 (0.8) 
 

 

Table 3.3. Two-way analysis of variance (ANOVA) of pigment levels of E. radiata at two depths in 
Goat Island Bay over two seasons (summer and winter) and between depths (6 m and 14 m) (df = 1) .    

Source of variation F P 
Chl a 

 

  
  Season 

   

   

5.213 

 

0.032 

 

  Depth 

 

0.070 

 

0.793 

 

  Season x depth 

 

2.108 0.159 
Chl c 

 

  
  Season 

   

0.066 

 

0.800 

 

  Depth 

 

0.009 

 

0.923 

 

  Season x depth 4.733 0.040 
Chl c:a ratio 

 

  
  Season 

   

16.450 

 

<0.001 

 

  Depth 

 

0.315 

 

0.580 

 

  Season x depth 3.839 0.062 
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Table 3.4. Estimated mean (SE) daily rates of NPP at 6 m and 14 m depths seasonally and annually, 
expressed as oxygen evolution g-1 dry weight of tissue (µmol O2 g-1 dw d-1) and as carbon production 
m-2 (g C m-2 d-1).     

  Depth (m) 
Mean daily NPP rates Season 6 14 

µmol O2 g-1 dw d-1 
Summer 274.2 (15.1) 409.4 (31.5) 
Autumn 194.3 (18.3) 142.1 (29.0) 
Winter -39.1 (11.5) 3.3 (8.5) 
Spring 164.8 (29.1) 145.7 (30.2) 
Annual 147.8 (11.5) 173.9 (15.3) 

g C m-2 d-1  
Summer 4.4 (0.2) 2.6 (0.2) 
Autumn 1.5 (0.1) 0.8 (0.2) 
Winter -0.2 (0.05) 0.02 (0.04) 
Spring 1.1 (0.2) 0.8 (0.2) 
Annual 1.7 (0.1) 1.0 (0.1) 

 

Table 3.5. Percentage change from modelled GPP when biomass, hourly irradiance or production rates 
(Pmax and α separately or together) were changed by 25%. B, biomass; E, hourly irradiance; Pmax, the 
maximum rate of photosynthesis; α, the initial slope of the relationship between mass-specific GPP and 
irradiance at non-saturating irradiance. Values represent percent change averaged over the entire year 
(365 d)  

Depth Parameter change B E Pmax α Pmax and α  
6 -25% -25.1 -14.4 -14.2 -14.4 -25.1 

+25% 24.8 11.1 11.0 11.1 24.8 
14 -25% -25.0 -19.1 -8.7 -19.1 -25.0 

+25% 25.0 16.6 6.2 16.6 25.0 
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Figure 3.1. Mean ± SE of (a) biomass (g dry weight of lamina), (d) respiration rate and (b-c, e-f) 
photosynthetic parameters for E. radiata at Alphabet Bay (6 m) in summer 2013 (n = 7), autumn 2012 
(n = 5), winter 2013 (n = 6) and spring 2013 (n = 10), and at North Reef (14 m) in summer 2013 (n = 5) 
and winter 2013 (n = 6). X indicates that no measurements were made at 14 m in those seasons. Pmax 
maximum rate of photosynthesis (expressed in terms of net primary production (NPP), α initial slope of 
the P-E curve at non-saturating irradiance, Ek saturating irradiance, Ec compensating irradiance, Rd 
respiration rate.     
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Figure 3.2. Mean ± SE chlorophyll a (a), chlorophyll c (b), and chlorophyll c:a ratio (c) in E. radiata 
from 6 m depth in summer 2013 (n = 7), winter 2013 (n = 6), spring 2013 (n = 10) and 14 m depth in 
summer 2013 (n = 5) and winter 2013 (n = 6). X indicates that no samples were taken from kelp at 14 
m in spring. 
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Figure 3.3. (a) Mean ± SE daily irradiance (photon flux density, PFD), (b) mean ± SE daily quantum 
dose, and (c) mean ± SE percent of surface daily quantum dose (mol photons m-2 d-1) at 6 m and 14 m 
depth seasonally in 2013.   
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Figure 3.4. The relationship between modelled estimates of GPP and in situ measured GPP of 
individual kelp. Overall (y = 1.05(± 0.02 SE)x, r2 = 0.83), summer 6 m (y = 1.04(± 0.05 SE)x, r2 = 
0.66), summer 14 m (y = 1.06(± 0.05 SE)x, r2 = 0.78), autumn 6 m (y = 1.09(± 0.04 SE)x, r2 = 0.91), 
winter 6 m (y = 0.96(± 0.03 SE)x, r2 = 0.88), winter 14 m (y = 1.01(± 0.02 SE)x, r2 = 0.95), spring 6 m 
(y = 1.05(± 0.05 SE)x, r2 = 0.84). Number of measurements used in each season is detailed in Methods.  
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Figure 3.5. Sum (± SE) of seasonal (3 months) net primary production (g C m-2) of E. radiata at 6 m 
and 14 m depths.  
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Appendix 3.1. Seasonal relationship between photosynthetic parameters and biomass of kelp at 6 and 
14 m depth. (a) maximum photosynthetic rate Pmax, (b) respiration rate Rd, (c) photosynthetic efficiency 
alpha. Significant relationship (r2 = 0.63, p = 0.03) between biomass and Pmax for kelp at 6 m depth in  
Summer is shown (a). 
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Appendix 3.1 Continued. Seasonal relationship between photosynthetic parameters and biomass of 
kelp at 6 and 14 m depth. (d) saturation irradiance Ek, and (e) compensation irradiance Ec.  
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Appendix 3.2. Seasonal mean hourly photon flux density (PFD) over the day (24 h) at (a) surface, (b) 6 
m depth at Alphabet Bay, and (c) 14 m depth at North Reef for 2013. 
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Appendix 3.3. Diel cycle in respiration rates 

Diel cycles in respiration rates of E. radiata were measured in the laboratory over four days in 

December 2012. Kelp were individually enclosed in the chambers in an outdoor tank supplied with 

running seawater and turbulence from a tipper bucket. The pump systems provided continual water 

movement within the chambers during the incubations. Kelp were affixed by the holdfast to a weighted 

mesh base so they were orientated upright in the tank. Irradiance (PFD) was recorded by an Odyssey 

irradiance logger fixed at the same depth in the tank as the chambers. Photosynthesis and respiration 

rates were measured during alternating light and dark phases during the day, and respiration rates 

measured in the dark during the night. Light phases during the day were of 15 to 30 minute duration, 

followed by 5 min flushing, and dark phases were 90 min duration, followed by 30 min flushing. 

During the day light was excluded by double layers of black plastic over the entire chamber during the 

dark phases. During the night respiration rates were measured over 2 h periods, between which the 

chambers were flushed for 30 min. Respiration and photosynthesis rates were calculated from the linear 

slope of oxygen concentration over the dark and light phases of the incubation period. The linear slope 

and r2 of the relationship between dissolved oxygen concentration and time was not affected by the 

time interval within a measurement phase over which the rate of change was calculated. Respiration 

rates were calculated hourly.  

Mean respiration rate was between -16.7 and -26.4 µmol O2 g-1 dw h-1 for most of the 24 h daily cycle, 

except for between 3-7pm where is was between -38.5 and -41.0 µmol O2 g-1 dw h-1 (Fig. Appendix 

3.3). The peak mean respiration rate in the late afternoon to early evening was between 1.5 - 2.3 times 

higher than during the rest of the day and night. Respiration rates did not change significantly over the 

night, and rates overnight were not significantly different from rates at midday (Fig. Appendix 3.3).     
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Figure Appendix 3.3. Mean ± SE respiration rates (Rd) of E. radiata (n = 8) measured in the 
laboratory over the diel cycle. Grey box indicates night hours. 
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CHAPTER FOUR - Interactive effects of warming and reduced light on 
kelp forest productivity and resilience 

4.1 INTRODUCTION 

Coastal marine systems are among the most ecologically and socio-economically important habitats on 

the planet, providing an estimated c. 38% of the global value of ecosystem goods and services 

(Costanza et al. 1997). Habitat-forming foundation species are important components of coastal 

ecosystems as they play a critical role in maintaining ecosystem function by structuring biodiversity, 

modifying environmental conditions (i.e. light, currents, sediment deposition) and facilitating positive 

interactions (Bertness & Callaway 1994; Bruno et al. 2003; Graham 2004; Connell 2005). The 

degradation and loss of habitat-forming species in the coastal environment has occurred in many 

regions due to a range of human-mediated impacts including declines in water quality due to increased 

nutrients and sedimentation (Airoldi 2003; Gorman et al. 2009; Foster & Schiel 2010), and 

overharvesting of top predators (Jackson et al. 2001; Shears & Babcock 2002; Steneck et al. 2002). 

Additionally, the impact of climate change on marine organisms is apparent from changes in 

distribution, phenology, abundance and demography of species and communities (Hughes et al. 2003; 

Harley et al. 2006; Hawkins et al. 2008; Hoegh-Guldberg & Bruno 2010; Wernberg et al. 2011a; 

Poloczanska et al. 2013). Furthermore, complex interactive responses can be expected due to 

synergistic effects of multiple concurrent stresses at global and local scales (Harley et al. 2006; 

Hawkins et al. 2008; Ling et al. 2009a; Wernberg et al. 2010; Strain et al. 2014).    

Projected increases in surface ocean temperature will have wide-reaching effects on biological 

function, as temperature influences physiological and ecological processes across all biological levels, 

from genes to ecosystems (Brierley & Kingsford 2009). In addition to ecological changes driven by 

continual gradual changes in global climate, abrupt changes in populations, communities, and 

ecosystems as a result of discrete extreme climatic events have been observed (Smale & Wernberg 

2013; Wernberg et al. 2013). Increased understanding of the impacts of disturbance resulting from 

extreme climatic events is critical given that the frequency, and possibly intensity, of events such as 

storms and extreme precipitation events are likely to increase in many areas of the globe under future 

climate scenarios (Kirtman et al. 2013). Consequently, mitigating the negative effects of climate 
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change on critical foundation species will depend on understanding how they respond to warming 

temperatures in combination with additional impacts, such as increased frequency and severity of 

storms or reduced water quality (Wernberg et al. 2010; Byrnes et al. 2011).    

Kelp forests are dominant habitat-forming features of temperate reefs worldwide (Steneck et al. 2002). 

They are extremely productive habitats (Mann 1973; Mann 2000; Reed et al. 2008) that facilitate high 

levels of biodiversity (Graham 2004; Ling 2008; Christie et al. 2009). Kelp are cool-water adapted 

species and recent observations of range shifts or loss of canopy in some areas has been attributed to 

warming (Serisawa et al. 2004; Wernberg et al. 2011b; Díez et al. 2012; Tanaka et al. 2012; Andersen 

et al. 2013; Raybaud et al. 2013; Smale & Wernberg 2013; Wernberg et al. 2013). Kelp, like other 

organisms, have the capacity to undergo metabolic or structural changes (acclimatize) that allow them 

to adjust physiological performance to seasonal variation in temperature (Davison 1991). These 

mechanisms may also allow them to adjust to chronically warmer environments (Staehr & Wernberg 

2009). However, the ecological costs of those adjustments could mean that although kelp beds may 

remain intact and continue to function in warmer oceans, they could potentially be less resilient to 

additional impacts: meaning discrete disturbances such as storms, and chronic impacts such as reduced 

water quality, may increasingly lead to persistent loss of habitat and ecological function (Wernberg et 

al. 2010). 

Reduced resilience of Ecklonia radiata has been observed at the warmest latitudinal extent of its range 

in Western Australia (WA) (Wernberg et al. 2010). Metabolic adjustment of photosynthesis and 

respiration maintain equally high biomass of adult sporophytes and percent canopy cover between cool 

and warm climate regions of the southwestern coast of Australia, but those adjustments have 

implications for the capacity of the kelp to respond to perturbations (Staehr & Wernberg 2009; 

Wernberg et al. 2010). Kelp beds in the warmer climate are less resilient to canopy removal 

(mimicking disturbance resulting from storms), with lower recruitment and growth of kelp recruits 

leading to slower canopy recovery compared to kelp beds in the cooler climate (Wernberg et al. 2010). 

Increasing temperature also increases the light level required to maintain positive net metabolism, 

indicating that any future decline in water clarity could have additional interacting impacts on depth 

distribution and productivity of kelp (Staehr & Wernberg 2009).  
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Light is required by kelp for photosynthesis, but the water medium in which it occurs both absorbs and 

scatters that light, and both the intensity and spectral quality of the light varies markedly with depth 

(Kirk 2011). The transmission of downward irradiance in marine waters varies greatly due to 

variability in the components that absorb light: the water itself, dissolved yellow pigments, the 

photosynthetic biota and particulate matter, and the properties that scatter light, thereby intensifying the 

vertical attenuation of light (Kirk 2011). Light in the coastal marine environment is strongly influenced 

by particulate matter (sediments and other terrigenous particulate material), which is an important 

component involved in both absorbing and scattering light underwater. Weather events influence the 

amount of terrigenous matter entering the marine environment, for example, high rainfall leads to 

flooding, erosion, and extremely high river flows that can deliver large amounts of sediment into the 

coastal environment. Similarly, storm surges and large waves can cause coastal erosion and introduce 

sediment into the coastal environment, drastically increasing turbidity and reducing light levels. The 

effects of this can be extreme, with light levels reduced to almost zero at 5 and 10 m depth for up to 20 

days (Hepburn et al. 2011, author's unpublished data). Under future climate change scenarios 

underwater light in the coastal environment is likely to be further reduced due to increasing particulate 

loads as a result of rising sea level and projected increases in frequency, and possibly severity, of 

storms and high precipitation events (Mullan et al. 2008; Kirtman et al. 2013). Long-term reductions in 

underwater light due to current or future stressors are of wide concern, because in addition to adverse 

impacts on photosynthesis, it limits the distribution of autotrophs. The lower depth limit of attached 

macroalgae is generally set by the minimum light required for growth (Markager & Sand-Jensen 1992), 

and in many coastal areas worldwide an upwards-shift in the lower depth limit of perennial macroalgae 

and seagrass has been documented and attributed to reduced light penetration due to eutrophication 

and/or sedimentation (Rohde et al. 2008; Shepherd et al. 2009).  

Ecklonia radiata is an important habitat-forming kelp in temperate Australasia and its temperature 

tolerance, mostly at the early life history stage, has been a focus of research. Gametophytes of E. 

radiata from Goat Island have a minimum temperature tolerance of 9°C and upper tolerance of 24°C 

for reproduction and 25 °C for growth, and death occurred at 26°C (Novaczek 1984c). Temperature 

and light had an interactive effect on development; gametophytes were able to survive seven months of 

darkness at 10°C but died after one week of darkness at 20-23°C (Novaczek 1984c). Similar 

temperature thresholds were observed for E. radiata gametophytes in Tasmania and importantly, no 

microscopic sporophytes developed at 25.5°C (Mabin et al. 2013). Those two studies suggest a critical 
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upper temperature threshold of 25 °C for E. radiata development (Novaczek 1984c; Mabin et al. 2013). 

Temperature effects on the microscopic stages clearly have the potential to limit kelp populations, but 

generally the gametophyte stage of Laminarian kelps have a higher temperature tolerance than the 

adults (sporophytes) (tom Dieck 1993); gametophytes of E. radiata become fertile and grow over a 

wider range of temperatures than the local range of ambient temperatures where it is found (Novaczek 

1984c; Mabin et al. 2013). This suggests that the tolerance of adults is more likely to limit distribution 

and functioning. An example of extreme temperatures exceeding the temperature tolerance of adult 

kelp occurred in WA during summer 2010/2011, when a discrete warming event resulted in 

temperature anomalies of 2-4°C that persisted for more than 2 months along the expansive coastline 

(Wernberg et al. 2013). Reduced cover of E. radiata occurred at the northerly extent of their range, 

where the temperature anomaly resulted in ~24-27 °C instead of the typical ~22-23 °C. Whereas at a 

more southerly site there was no change in kelp cover resulting from ~21-24 °C temperatures instead of 

~20-21 °C typical for that location in summer (Wernberg et al. 2013). The observations following this 

extreme climatic event suggest that 24 °C is a physiological threshold for primary production, growth 

and survival of E. radiata canopy.      

Temperature and light are thought to be the most important variables explaining growth and 

productivity of E. radiata (Bearham et al. 2013, Chapter 3). However, the interactive effects of 

potential changes in both temperature and light on overall kelp forest productivity and resilience to 

disturbance have not been investigated. In this study a mesocosm experiment was used to simulate the 

effects of a warming event on the photosynthetic performance of E. radiata under ambient and low 

light conditions. This warming event was followed by a disturbance and recovery period in order to 

examine how elevated temperatures and reduced light affected resilience. Growth and survival were 

monitored and photosynthesis vs irradiance (P-E) curves were generated based on photosynthetic and 

respiratory rates measured under controlled conditions in a specially designed photorespirometry 

chamber (Chapter 2). The resilience of kelp under the different treatment conditions was investigated 

by applying a disturbance to the mesocosm. The perturbation (disturbance) was a period of darkness, 

which can arise from an extreme precipitation or storm event (Hepburn et al. 2011). It was 

hypothesized that kelp in the warmer temperature regime would have reduced capacity for recovery 

(i.e. lower resilience) following disturbance. It was also hypothesized that there would be an interactive 

effect between temperature and light, where photosynthetic capacity (Pmax) and resilience would be 

reduced in treatments with increased temperature and reduced light. 
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To further examine how the relative changes in photosynthetic response, biomass and mortality 

observed in the different temperature and light treatments would translate into changes in productivity 

the experimental findings were incorporated into a physiologically-based model of benthic macroalgal 

production (Miller et al. 2012, Chapter 3). By applying the proportional changes in P-E parameters, 

respiration rates, biomass, and density (due to mortality) at each stage to field-derived data (Chapter 3), 

changes in productivity that would occur under those climate scenarios/environmental conditions were 

estimated. Using this approach of applying data from an empirical mesocosm study combined with a 

modeling approach allows us to explore the effects of potential climate change impacts on primary 

production of kelp forests; a system for which such information is limited due to the challenges of 

realistically altering relevant environmental conditions on a large scale in the subtidal.     

4.2 MATERIALS AND METHODS 

4.2.1 Pilot Study 

A pilot study was carried out in summer 2012 where temperature was manipulated in two large (500 L) 

outdoor experimental tanks, and photosynthetic measurements were made in the same tanks. Each tank 

contained six adult E. radiata individuals, and was continuously supplied with seawater via a tipper 

bucket. Respiration and photosynthesis rates were measured using the chamber system, by covering it 

with black plastic to measure respiration, and under natural light to measure photosynthesis. 

Photosynthetic measurements were made prior to any warming, following warming (one tank ambient 

20.5°C, one tank heated to 22°C), and following further warming (warmed treatment 23.5°C). The 

effect of temperature on respiration and photosynthesis rates was not able to be determined from this 

experiment due to a range issues with the experimental design and setup, including fluctuations in 

water temperature arising from the use of black tanks outdoors, problems with shading in the tanks, and 

differences in the size of kelp in the two temperature treatments. Performing the photosynthetic 

measurements outdoors was also problematic because photon flux densities (PFD) vary depending on 

time of day and weather conditions and the sampling schedule meant that measurements needed to be 

taken on days where PFD was not high enough to saturate photosynthesis, therefore P-E curves could 

not be generated. This experiment demonstrated that adult kelp could be successfully held in large 

tanks with tipper buckets and conditions manipulated. It also highlighted the need to perform 
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photosynthetic measurements indoors under controlled conditions, rather than relying on ambient light 

conditions. Measuring photosynthesis under controlled conditions under artificial light ensures 

consistency among all incubations and adequate PFD to saturate photosynthesis. 

4.2.2 Kelp collection   

Adult kelp (Ecklonia radiata) were collected from a depth of ~3 m below MLW at a relatively wave-

sheltered site at Ti Point, New Zealand (36° 19ʹ 21.22ʺ S, 174° 47ʹ 24.41ʺ E) on 26 February 2013. The 

kelp were transported in darkness to the Leigh Marine Laboratory, and held in running seawater. Each 

individual was measured (morphometrics and wet weight of lamina) and tagged for identification. 

Twenty four individuals were selected within a similar size range to minimize effects of size on 

photosynthetic rates, which had been observed in an earlier pilot study (also see Chapter 2). The 

average wet weight (ww lamina) of individuals was 346.5 g (range 245-464 g ww, ~39-74 g dry 

weight), and average length (stipe and primary lamina) was 59.5 cm (range 44-74 cm). The kelp were 

allowed to acclimate to the laboratory conditions for 72 h prior to initial pre-treatment photosynthetic 

measurements. Kelp were randomly allocated to one of eight shaded outdoor tanks (200 L, 670 mm 

diameter x 830 mm depth) with a continuous flow-through seawater system (Fig. 4.1). The kelp were 

attached by the holdfast to a base so they were orientated upright in the tanks. Water motion and 

turbulence was generated by a tipper bucket above the tank, refreshing the entire tank volume every 1 

h. Water temperature in all tanks was 20.6°C (± 0.3°C), to reflect local ambient temperature. Incident 

irradiance (photosynthetically active radiation, PAR 400-700 nm) inside the purpose-built shade house 

was reduced to ~16% of surface irradiance, simulating typical subtidal conditions at 6 m depth in the 

Leigh area (Chapter 3).  

4.2.3 Experimental rationale and design 

The rationale for the mesocosm experiment was to allow whole adult kelp to be exposed to different 

temperature and light conditions, thereby simulating possible real-word kelp forest responses to 

warming and disturbance events. The effects of elevated maximum temperature and reductions in light 

on photosynthetic response, growth and mortality has not been previously investigated for whole adult 

kelp. This is likely due to the logistical challenges of maintaining multiple large individuals in several 
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different treatment combinations in a laboratory setting, such as the requirements of space, energy, 

water, and time required to incubate the kelp. The development of the chamber system (Chapter 2) 

enabled measurement of photosynthesis and respiration of whole adult kelp in the laboratory (as well as 

in situ), which was not previously possible. The mesocosm setup and experimental design used in this 

chapter was limited in terms of the large volume of water required (1600 L/h), energy to maintain the 

water at the two treatment temperatures, space (8 200 L tanks housed within a purpose-built shade-

house) and the time required to perform respiration and photosynthesis measurements on each 

individual (60 min incubations). Working within those constraints, the design of the experiment 

consisted of four treatments (temperature x light combinations), with two replicate tanks of each 

treatment, and three kelp in each (n = 6 kelp per treatment). It is recognised that a minimum of three 

tanks per treatment would be preferable but this was not possible with available resources and the 

design was considered adequate to detect large differences between treatments.  

The aim of the experiment was to simulate warming at ambient and low light levels, then apply a 

disturbance and monitor recovery. The optimum temperature range for growth and reproduction of this 

species is 12-20 °C, and reproduction is viable over a slightly broader temperature range of 8-24 °C, 

which corresponds to the geographical range of the species (Kirkman 1984; Novaczek 1984c). The 

temperature treatments used in this experiment corresponded to current maximum summer temperature 

at Leigh (21°C) and elevated temperature reflecting the warmest extent of their tolerance (24°C), which 

under projected temperature increase may become a reality for E. radiata over much more of its range 

(Poloczanska et al. 2007). The two light treatments corresponded to ambient light levels underwater at 

6 m (~ 16% of surface irradiance) during summer at Leigh, and low light, equivalent to what is 

observed at ~14 m depth (3.2% of surface irradiance). The low light treatment was achieved by adding 

extra shade cloth (that decreased light by 80%) to those tanks (Fig. 4.1). The experiment was an 

orthogonal design where kelp were randomly allocated to each of the four combinations of treatments. 

These were: i) 21°C water temperature, ambient light (control), ii) 21°C water temperature, low light, 

iii) 24°C water temperature, ambient light, iv) 24°C water temperature, low light. Each treatment was 

applied to two tanks, each containing three kelp individuals (n = 6 kelp per treatment). 

Initial photosynthetic measurements (explained below) and size measurements were made for each kelp 

(n = 24) at ambient temperature (21°C) and light level, to test whether there were pre-existing 

differences between treatments. Incubations were performed in pairs, and kelp were incubated in a 
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randomized order over the course of a day and among days. Photosynthetic measurements occurred at 

the end of each of the following phases. Lamina wet weight (ww) was also recorded after each phase 

and a tissue sample was collected for pigment analysis.     

4.2.3.1 Warming phase  

After initial photosynthetic and size measurements were made for each kelp (n = 24) in ambient 

conditions (‘Initial’ phase), the warming event commenced (‘Warming’ phase). Four tanks remained at 

ambient temperature (21°C) and four were gradually heated 0.5°C per day for 6 d to 24°C (± 0.3°C). 

Of the four ambient temperature tanks, two had extra shade cloth to create low light conditions and two 

did not, and the same for the four tanks where temperature was elevated. After the gradual warming 

event, there was a two week acclimation period where temperatures were held constant, before 

measurements began. Following the two week acclimation period, photosynthetic measurements were 

made on all kelp. P-E responses were initially measured at both the control temperature and the 

elevated temperature for each kelp to isolate instantaneous effects of temperature from acclimation 

responses. For example, if when measured in the control temperature, the individuals from the heated 

treatments showed increased rates compared to those in the control temperature treatments that would 

be evidence of temperature acclimation. If individuals from the warmed treatments showed a decrease 

it could be either a negative effect of the heating or a potential temperature stress from being put into 

colder water for the incubation. If individuals from both temperature treatment showed increased rates 

when incubated in the warmer temperature, compared to the control temperature that would be 

evidence for instantaneous enzyme/catalytic response to the warmer incubation temperature. These 

comparisons found that photosynthetic performance of kelp, regardless of treatment, did not greatly 

differ when incubated in either temperature i.e., the control temperature (21°C) or the elevated 

temperature (24°C) (Appendix 4.1). One-sample t-tests on the difference in Pmax, alpha and Rd between 

incubations in 21°C and 24°C for each treatment showed no significant difference in means compared 

to zero (Appendix 4.2). Given these results, all further photosynthetic measurements were conducted in 

the water temperature corresponding to the treatment temperature for each kelp.  
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4.2.3.2 Disturbance phase 

Following the three weeks at elevated temperature (including one week while photosynthetic 

measurements were taken), a disturbance event was simulated. The entire shade house containing the 

experimental tanks was covered in black plastic to exclude light (Fig. 4.1), simulating the severe light 

reduction underwater that can result from an extreme storm event where rain and waves lead to 

increased sediment and turbidity. Vents were cut near the base to allow for air flow. Water temperature 

was monitored daily and was maintained at the treatment temperatures. All treatments (including the 

control 21°C ambient light treatment), were subjected to the darkness ‘disturbance’ for 8 days, as it was 

of specific interest how the response to disturbance varied among treatments. Following that 

disturbance photosynthetic measurements were made over a 7 day period in the indoor tanks (the black 

plastic remained over the shade house during that time). Mortality of an individual was determined to 

have occurred if the individual no longer possessed structural integrity i.e., the stipe had deteriorated 

and broken, causing the disintegration of the sporophyte. These individuals were removed and size was 

measured and a tissue sample collected.   

4.2.3.3 Recovery phase 

After 17 days darkness (including 7 days while photosynthetic measurements were taken) the black 

plastic was removed. An 11 day ‘recovery’ phase followed the removal of the black plastic. 

Photosynthetic measurements were then made over a 4 day period in the indoor tanks.    

4.2.4 Photosynthetic measurements 

Photosynthetic measurements were made using the photorespirometry chambers described in Chapter 

2. Measurements were taken indoors at the Leigh Marine Laboratory in two tanks (identical to the 

outdoor experimental tanks) between 1000-1700 hours under artificial light (Fig. 4.1). Measurements 

were performed indoors under artificial light to standardize irradiance across all incubations, ensure 

consistent irradiance, and to provide enough light to allow rates to be generated over the range required 

to generate P-E curves. Pmax measured under artificial light is significantly lower compared to that 

measured in the field (Chapter 2). However, the differences between treatments over the course of the 
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experiment are what was of interest in this study, so the changes in parameters are expressed in relative 

terms. The tanks were continuously supplied with seawater during the incubations to maintain a 

constant water temperature. A single water source supplied the indoor and outdoor tanks. Each tank 

could be supplied with either experimental temperature, and photosynthetic measurements were carried 

out at the appropriate experimental temperature for each individual.  

A single kelp was enclosed in the chambers in each tank as described in Chapter 2, and affixed by their 

holdfasts to a base so they were orientated upright in the tanks. To measure dark respiration (Rd) the 

entire tank was covered with two layers of black plastic in a darkened room. For photosynthetic 

measurements light was provided by four 500w halogen lights above each tank. Photosynthesis was 

measured at five light levels achieved by varying the amount of shade cloth (Sunfilta 50%) covering 

the tank, from four layers to none (Fig. 4.1). Photon flux density (PFD) (Photosynthetically active 

radiation, 400-700nm) in each indoor tank under the full light and the four shade levels was measured 

using a LI-192 underwater quantum sensor (LI-COR Biosciences, USA). The dark phase and each of 

the light phases were of 10 minutes duration. Incubations did not exceed 60 min total duration, of 

which 50 min were in the light. While an incubation duration of 40 min was previously determined as 

ideal (Chapter 2) that was based on higher light levels over the entire incubation than which the kelp 

were exposed to in this experiment, where light was sequentially increased. There was no evidence of 

declining oxygen production using this approach so incubations were extended to 50 min duration 

without flushing. Individuals from the different treatments were incubated in a random order to remove 

potential effects of time of day on photosynthetic measurements. Photosynthetic measurements during 

each phase of the experiment spanned 4 to 6 days. Prior testing had confirmed that P-E curves did not 

vary day-to-day for individuals (n = 7) in the laboratory (for up to 6 days), meaning that the particular 

day an individual was measured within the series of measurement days did not affect the results. Kelp 

were immediately returned to the outdoor experimental tanks after photosynthesis measurements.  

4.2.5 Chlorophyll a and c  

Tissue samples were collected from all kelp at the end of the warming phase, and at the end of the 

experiment following the recovery phase. If an individual died before that stage, tissue was collected 

whenever that occurred. The tissue pieces were from secondary laminae from the basal third of the 

primary lamina and stored frozen until pigment analysis was conducted. Chlorophyll a and c were 
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extracted using dimethyl sulphoxide (DMSO) and methanol (1:4 v/v) following methods detailed by 

Duncan and Harrison (1982). The pigments were quantified spectrophotomically and concentrations 

calculated according to the equations of Jeffrey and Haxo (1968). 

4.2.6 Data analysis 

Respiration and photosynthesis rates 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. Rates of respiration and photosynthesis were 

expressed per unit dry biomass per hour (µmol O2 g-1 dry wgt h-1). For each individual a photosynthetic 

vs irradiance curve (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) (as in Chapter 2). 

Differences in P-E parameters, respiration rates and wet weight between treatments at the initial stage 

were investigated with one-way analysis of variance (ANOVA), to determine whether any differences 

existed between the groups before the treatments were applied. Two-way ANOVA was used to 

determine how P-E parameters, respiration rates and biomass differed among temperature and light 

treatments after the following two phases: warming and disturbance. Two-way ANOVA was also used 

to determine how biomass differed among temperature and light treatments after the recovery phase. It 

was not possible to use two-way ANOVA to analyse P-E parameters and Rd following the recovery 

phase due to high mortality in one of the treatments (24°C low light). Instead, one-way ANOVA was 

used to compare the remaining three treatments in the recovery phase. Differences between the 

individual treatments were determined using Holm-Sidak pairwise multiple comparison procedures. To 

examine changes over the course of the experiment, average percent change in biomass, P-E 

parameters, and respiration rates were calculated in relation to initial values. Percent survival was 

calculated at each stage. One-way ANOVA was used to compare chlorophyll content between 

treatments after the warming and recovery phases. It is acknowledged that by combining the three kelp 

in each of the two tanks of a treatment (i.e. six replicate kelp per treatment) means that the analyses 

were pseudoreplicated. But examination of patterns in the in the two tanks comprising each treatment 

showed consistent patterns: that there were differences with light but not with temperature. Therefore, 
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kelp were treated as being independent using ANOVA, but given that pseudoreplication was present 

the statistics should be interpreted with caution.    

4.2.6.1 Modelling net primary productivity 

To investigate how the relative changes in photosynthetic response, biomass and mortality observed in 

the different treatments would translate into changes in net primary productivity (NPP) the 

experimental findings were incorporated into a physiologically-based model of benthic macroalgal 

production (see Chapter 3 for details). By applying the proportional changes in: maximum 

photosynthetic rate (Pmax), photosynthetic efficiency (alpha), respiration rates (Rd), biomass, and 

density (due to mortality) observed following the experimental warming, disturbance, and recovery 

phases, to field-derived data (P-E parameters, respiration rates, biomass and density) for summer 2013 

(from 6 m depth) (Chapter 3; the effects of warming and reduced light on kelp forest productivity could 

be modelled before and after disturbance.  

Proportional changes were standardized to the control (21°C ambient light) values following the 

warming phase. Irradiance representing an ‘average day’ in February, coinciding with when the 

experiment commenced, was calculated for the two depths from field-measured bottom irradiance data 

(Chapter 3). The average hourly irradiance for the 24 h day was held constant in the model for the 

different phases: warming, disturbance and recovery. It is acknowledged that incident irradiance would 

be declining over the duration of the experiment if the time that such events occurred coincided with 

the end of summer into early autumn. However, changes in irradiance over time would not be as 

marked if the events occurred earlier in summer. Irradiance was held constant in this example in order 

to investigate relative productivity at current and warmer temperatures, and the impact of disturbance 

and recovery in those two temperature scenarios. If anything, the results of the model using constant 

irradiance during each phase would underestimate changes over time (over the three phases), compared 

to a model that incorporated declining irradiance over time, because reductions in irradiance in autumn 

(Chapter 3) would lead to even lower NPP estimates in the later phases. But, this effect would be 

constant across treatments.  
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The model was used to estimate average daily net production (NPP) per m2, expressed as g C m-2 d-1 at 

ambient and low light levels under current summer maximum temperature (control, 21°C) and under a 

warmer temperature scenario (elevated, 24°C). It was then used to determine how NPP would be 

impacted by a disturbance event (period of darkness that could arise from a storm) and whether NPP 

would recover following a disturbance. 

4.3 RESULTS 

4.3.1 Variation in P-E parameters, respiration rates, chlorophyll, biomass and mortality  

Prior to commencing the experiment there was no significant difference in lamina wet weight (ww), 

maximum photosynthetic rate (Pmax), photosynthetic efficiency (alpha, α), saturation irradiance (Ek), 

compensation irradiance (Ec), or respiration rate (Rd) among the treatments (Table 4.1).   

After the warming phase Pmax increased for all treatments, except in the 24°C low light treatment where 

there was no change compared to initial values (Fig. 4.2a). After the warming phase there was no 

significant effect of temperature, but there was a significant effect of light level on Pmax (Table 4.1), 

with the low light treatment having lower Pmax, (Fig 4.2a). Following the disturbance phase Pmax 

declined to some degree in all treatments. Light level had a significant effect on Pmax following 

disturbance, with lower average Pmax in the low light treatment, however there was no effect of 

temperature. Following the recovery phase, the difference between the ambient light and low light 

treatments became more apparent, with kelp in both temperature treatments in the ambient light level 

showing recovery in the form of increased Pmax, whereas the surviving kelp in both temperature 

treatments in low light did not recover and showed no change in Pmax. At the end of the experiment 

there was no difference in Pmax between the different temperatures in ambient light (p = 0.771), but 

significantly lower Pmax in the 21°C low light treatment compared to ambient light treatments (p 

<0.001). There was similarly lower Pmax for the one remaining individual in the 24°C low light 

treatment.  

Mean alpha (α) increased after warming in all treatments, except 24°C low light where there was no 

change. There was no significant effect of temperature or light on mean alpha (Table 4.1), but values 
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were marginally greater in 21°C compared to 24 °C at both light levels, suggesting kelp in the warmer 

water were less able to acclimate to the light conditions (Fig. 4.2b). After the disturbance phase there 

was a significant interaction between light and temperature on photosynthetic efficiency (Table 4.1). 

Alpha was significantly higher in ambient light compared to low light in the 24°C treatments (p = 

0.041), but not in the 21°C treatments (p = 0.295) (Fig. 4.2b). After the recovery phase alpha did not 

significantly differ among treatments, but values did increase compared to after the disturbance in three 

of the treatments (Table 4.1). 

Respiration rates were highest at the initial measurement phase, before declining for all treatments. 

Respiration did not show clear differences among the treatments throughout the experiment, but tended 

to be higher in the warmer treatments, particularly following the disturbance phase (marginally 

significant effect of temperature p = 0.086) (Fig. 4.2c).  

The compensation irradiance (Ec), the amount of light required for photosynthesis to equal the demands 

of respiration, declined compared to initial measurements and did not show much change over the 

following three phases (Fig. 4.2d). The warmer treatments showed less change, meaning they required 

slightly more irradiance than the cooler ambient temperature treatments after the disturbance phase 

(marginally significant effect of temperature p = 0.088). However, following the recovery phase Ec did 

not significantly differ among the three treatments with replicate kelp individuals (Table 4.1). 

The amount of light required to saturate photosynthesis (Ek) did not change following the warming 

phase (Fig. 4.2e). However, after the disturbance there was a clear separation of the response of kelp 

based on light, with the ambient light treatments not showing much change, whereas the low light 

treatments showed much more change compared to the initial measurements and had much lower light 

requirements to saturate photosynthesis (Fig. 4.2e). Following the warming phase there was a 

significant effect of light on Ek (Table 4.1), with the low light treatments requiring less irradiance to 

saturate photosynthesis, whereas following disturbance, temperature and light had a significant 

interactive effect on Ek (Table 4.1). Ek was significantly higher in ambient light compared to low light 

in the 21°C treatments (Fig. 4.2e). Following the recovery phase Ek did not significantly differ among 

treatments (p = 0.133). 
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Chlorophyll a and c content did not significantly differ (a, p = 0.243; c, p = 0.313) among the four 

treatment groups following the warming phase, but chlorophyll a did differ among treatments (p = 

0.007) following the recovery phase (Appendix 4.3), with the 21°C ambient light treatment having 

significantly higher concentration of chlorophyll a than the other treatments. Chlorophyll c and 

chlorophyll c:a ratio in contrast, did not differ among treatments in either phase.  

Kelp in all four treatments lost biomass (wet weight of laminae) over the course of the experiment (Fig. 

4.3), and light level had a greater effect than temperature. Kelp in low light treatments lost more 

biomass than those in the high light treatment. Compared to initial wet weight, the average total loss 

over the entire experimental duration ranged from 42.8% in the 21°C ambient light treatment to 69.7% 

in the 21°C low light treatment (Fig. 4.3). Following the warming phase biomass did not differ between 

temperature and light (Table 4.1), but following disturbance, biomass was lower in the low light 

treatment compared to ambient light treatment. There was no effect of temperature on biomass (Table 

4.1). After the recovery phase biomass was lower in the low light treatment compared to ambient light 

treatment, and there was no effect of temperature (Table 4.1). 

The disturbance phase resulted in mortality of individuals in both of the low light treatments and the 

24°C ambient light treatment (Fig. 4.4). One individual died in the 24°C ambient light and one in the 

21°C low light treatment, whereas in the 24°C low light treatment two individuals died. Following the 

recovery phase, further mortality occurred in both of the elevated temperature (24°C) treatments (3 in 

ambient light, 2 in low light), but not in the ambient temperature (21°C) treatments (Fig. 4.4). 

Photosynthetic measurements were able to be made on the three kelp from the 24°C ambient light 

treatment before they disintegrated, but not for the two from the 24°C low light treatment. Furthermore, 

one of the remaining intact individuals in the 24°C low light treatment failed to photosynthesize, 

resulting in a single photosynthetic measurement obtained for that treatment in the final recovery stage. 

An intact individual in the 21°C low light treatment also failed to photosynthesize when enclosed in the 

chamber during two attempts. Those two individuals were not considered as mortalities, but did not 

provide photosynthetic information. 
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4.3.2 Modelled changes in productivity 

Estimated daily NPP was similar between temperature treatments at ambient light levels, but was 

markedly lower under warmer conditions at low light levels (Fig. 4.5). NPP was 1.6 times higher in 

ambient light compared to low light under ambient temperatures, whereas under warmer conditions 

NPP was 8.8 times higher in ambient light compared to low light. Following the disturbance phase 

NPP declined in all scenarios, and was below zero under warmer temperature at both light levels and 

under ambient temperature low light conditions (Fig. 4.5). Moreover, following the recovery phase 

daily NPP at low light under ambient and warmer temperatures remained below zero (-0.4 and -0.2 g C 

m-2 d-1 respectively), although the estimate of NPP under warmer temperatures should be interpreted 

with caution given that it was based on the photosynthetic performance of the single surviving 

individual. In contrast, at ambient light levels under both ambient and warmer temperatures NPP 

increased after the recovery phase, and in the case of the warmer temperature NPP returned to positive 

following the negative NPP observed after the disturbance (Fig. 4.5). Following the recovery phase 

daily NPP in ambient light was 2.3 times higher in ambient compared to warmer temperatures, whereas 

after the warming phase it was only 1.2 times higher.  

4.4 DISCUSSION 

Kelp primary production contributes to local reef habitats and also adjacent and more distant habitats 

(Duggins et al. 1989; Krumhansl & Scheibling 2012), so any impacts of climate change on the 

functioning or distribution of kelp forest would have broad cascading effects for energy-flow and 

tropho-dynamics in temperate marine ecosystems. The findings of this study showed that an increase in 

maximum water temperature (+3°C) did not greatly alter the photosynthetic response of E. radiata, and 

that reduction in light levels (for example due to reduced water clarity) had stronger effects on 

photosynthetic capacity and rates of tissue loss. Elevated temperature did increase kelp mortality 

following a perturbation, and reduced its ability to recover. These effects of increased temperature were 

greatest at low light levels, where the combined effects of warmer temperature and low light reduced 

overall NPP and resilience. However, irrespective of temperature, reductions in light in combination 

with disturbance, had adverse effects on photosynthetic performance leading to reduced overall NPP.    
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At both elevated and current maximum temperature (in northeastern New Zealand), a reduction in light 

led to physiological changes in photosynthetic response, with lower light levels resulting in reduced 

maximum photosynthetic rates, lower saturation irradiances (Ek), and relatively more tissue loss than 

those in higher light. These changes in P-E parameters and respiration rates between the initial 

measurements and the warming phase, even in the control treatment (21°C ambient light), can partly be 

explained by experimental effects of the kelp adjusting to the lower light in both light treatments 

(equivalent to 6 and 14 m depth) than they had been exposed to in the field (~3 m depth). In general, 

the decrease in maximum photosynthetic rate observed in the lower light conditions compared to 

ambient light levels, at both temperatures, demonstrates that kelp could not acclimate to a reduction in 

light of that magnitude. This highlights the likely major adverse impacts of chronic reductions in 

underwater light on kelp productivity. The poorer performance of kelp in lower light conditions, 

compared to ambient light, was further exacerbated by disturbance (in the form of a period without 

light), suggesting low light reduces resilience of kelp to additional disturbance. Moreover, there was 

some evidence that the light level needed for E. radiata to maintain a positive net metabolism (Ec) 

increased with increasing temperature, particularly following disturbance. This implies that in order to 

maintain positive carbon balance when temperatures increase, the kelp has increased the critical light 

demand (Ec) (Davison 1991).  

Temperature did not have a major effect on the photosynthetic performance of kelp over the course of 

the experiment. This is consistent with the findings for other macroalgae that photosynthetic efficiency 

(alpha) is unaffected by incubation temperature over the range of non-inhibitory temperatures (except 

at the very lowest end of the temperature tolerance range, where alpha increases with increasing 

temperature) (Davison et al. 1991). Alpha is mainly, but not entirely, determined by light-harvesting 

pigment concentrations, therefore it corresponds that no difference in chlorophyll content was observed 

among treatments following warming. Despite the absence of a statistically significant effect of the 

warming phase on photosynthetic efficiency, values for alpha tended to be higher in ambient 

temperature compared to elevated temperature at both light levels, suggesting that kelp in the cooler 

water were generally able to better acclimate to the light conditions. Furthermore, following 

disturbance alpha was significantly higher in ambient light compared to low light in the elevated 

temperature treatment, but not in the ambient temperature, suggesting that warming (in combination 

with disturbance) reduces the ability of the kelp to acclimate (adjust photosynthetic efficiency) to low 

light conditions, which is consistent with an interactive effect.  
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While elevated temperature did not have clear effects on photosynthetic performance, except for on 

photosynthetic efficiency as described, it did have a major negative impact on kelp survival following a 

disturbance, irrespective of light level; whereas, there was no mortality of kelp in the treatment 

reflecting current maximum temperature. This mortality was therefore one of the primary factors 

driving the differences in estimated NPP between treatments.   

The lack of consistent adverse effects of the elevated temperature on photosynthetic response, suggests 

that the warmer temperature (24°C) does not exceed the optimal temperature range of E. radiata. 

However, lack of differences could be due to low sample size affecting the power to detect differences. 

The experiment was labour and energy intensive, requiring a lot of time for the incubations to measure 

photosynthetic response (n = 24) and a lot of energy to heat the large volume of water needed for the 

elevated temperature treatments (which also limited the number of replicate experimental tanks per 

treatment). There was evidence of some consistent but non-significant differences, so it is possible that 

with increased replication these differences would have been clearer. There were however, consistent 

patterns observed depending on whether the kelp were exposed to ambient or low light, and mortality 

patterns among the treatments were clear. Although the statistics should be interpreted with caution 

given the issues around pseudoreplication, the data are informative as the differences with light were 

consistent across tanks.     

Laboratory measurements on tissue pieces of E. radiata sporophytes from Western Australia (WA) 

have shown that the optimum temperature for photosynthesis is ~25°C (the optimum for respiration 

was higher and not determined) (Staehr & Wernberg 2009). However, at the optimum temperature 

warm-acclimated kelps (annual maximum 24.29 °C ± 0.02) had 50% lower photosynthetic rates and 

90% lower respiration rates than cool-acclimated kelps (annual maximum of 21.93 °C ± 0.02). It 

should be noted however, that these results were obtained following very short exposure time (30 min) 

to the different temperatures (10-30°C) in succession. It is therefore difficult to directly compare the 

results based on tissue pieces exposed for short periods to a range of different temperatures, to the 

results from this study where entire adult individuals were gradually warmed and exposed to the 

elevated temperature for several weeks before photosynthetic measurements were made. However, 

both of the temperature treatments used in the experiment were below the optimum determined for E. 

radiata in WA, which may explain why differences in Pmax and Rd were not observed between the two 

temperature treatments. Furthermore, the kelp used in this experiment were all cool-acclimated kelp, 
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and although the temperatures in the laboratory treatments were manipulated to create a similar 

difference (in °C) between treatments as is observed between warm and cool locations in WA, the 

relatively short-term exposure to warmer temperature did not lead to the comparatively lower rates that 

were observed in warm-acclimated kelp from the field. This suggests that the lower photosynthetic and 

respiration rates of kelp from warmer compared to cooler locations on the coast of WA are the result of 

longer-term physiological acclimatization to different temperatures, so differences between the 

temperature treatments in the laboratory experiment could potentially become apparent if the 

experiment was able to be undertaken for a much longer time period. Although the study was limited 

by low sample size, the results of this experiment suggest that E. radiata from northeastern New 

Zealand are able to acclimate to an increase in maximum annual temperature to 24°C, which is warmer 

than currently experienced by the kelp in New Zealand. That physiological responsiveness would allow 

E. radiata forest in cooler locations, such as New Zealand, to maintain ecological functioning in the 

face of warming ocean temperature. This is reflected by the presence of E. radiata forest in WA at 

locations with maximum annual temperature of 24 °C. 

While kelp may survive warmer temperatures the observations in the mesocosm experiment indicated 

that kelp would have reduced resilience to additional perturbations, particularly under reduced light 

conditions. Individuals in the warmer temperature had higher mortality, and this supports the findings 

in the field that resilience of E. radiata decreased along a latitudinal temperature gradient in WA 

(Wernberg et al. 2010). The lower resilience of the kelp beds in the chronically warmer northern 

latitude (annual maximum of 24.29 °C ± 0.02 ) was due to low abundance of recruits, reduced 

physiological responsiveness and increased reliance on surviving adults to maintain high net 

recruitment, recruit growth and canopy recovery (Wernberg et al. 2010). The exact mechanism leading 

to reduced resilience in our experiment is not known, but it is likely related to greater physiological 

demands at warmer temperature. However, it is clear that exposure to warmer temperatures although 

not lethal per se, led to greater susceptibility to additional perturbation and ultimately stress that the 

kelp could not recover from or survive. 

The interactive effect of increased temperature and reduced light has implications for kelp distribution 

patterns. In a warmer ocean with declining water clarity (due to a range of processes that are likely to 

be exacerbated by climate change) the increased light demands of kelp, combined with reduced light 

penetration in coastal areas will lead to upward shifts in the lower depth limit of kelp (Airoldi & Beck 
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2007; Staehr & Wernberg 2009). Reductions in kelp forest distribution, and reductions in light levels 

over the depth range where they persist, would subsequently lead to reductions in primary production 

of those habitats. A note of caution is required however, when extrapolating conclusions from 

laboratory-based studies on macroalgae to in situ scenarios, given that the short-term effects of 

temperature on Ec and Ek seen in laboratory experiments are not necessarily observed in macroalgae, 

including E. radiata, in situ that are acclimated to warmer temperatures (Davison et al. 1991; Staehr & 

Wernberg 2009). Nevertheless, the poorer photosynthetic performance, and reduced resilience and 

production, under lower light conditions highlights the importance of maintaining or improving coastal 

water quality to maintain adequate underwater light levels. Furthermore, the interactive effects of 

reduced light and increased temperature illustrates the potential for local-scale management strategies 

that reduce local stressors (e.g., declining water quality) to potentially reduce the effects of global 

stressors (i.e. increasing temperature), and thus maintain and promote healthy ecosystems that are more 

resilient to climate change (Russell & Connell 2012).  

4.4.1 Impacts on productivity, and the implications of changes in NPP 

Translating the relative changes observed among treatments in the laboratory to an ecological context 

demonstrated the potential implications of increasing temperature and disturbance events on kelp forest 

productivity. Estimated NPP was lower under warmer water scenarios primarily as a result of relative 

differences in biomass loss, and, to a lesser extent, differences in P-E parameters and respiration rates. 

Following disturbance, NPP at both light levels was greatly reduced due to declines in Pmax and 

declines in individual biomass and density as a result of mortality. Importantly, following disturbance 

the only scenario where NPP remained positive was at ambient light conditions under ambient 

temperature (the control), where there was the least decline in individual biomass and Pmax, and no 

mortality. The ability of kelp to recover from disturbance was determined by light conditions, with 

NPP remaining below zero at low light under both temperatures, highlighting the extreme negative 

implications of reductions in underwater light levels (no net carbon production estimated). At ambient 

temperature there was relatively low mortality (no additional mortality following the disturbance) 

therefore still relatively high density, but no recovery of NPP. NPP continued to decline because Pmax 

continued to decline, respiration rates increased slightly, and there was the lowest individual biomass. 

Under warmer temperature high mortality combined with low biomass and low Pmax (Pmax did increase 

very slightly compared to following the disturbance phase, which accounts for the increase in NPP 
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between the disturbance and recovery phases) explains the lack of recovery of NPP. In contrast, at 

ambient light levels under both ambient and warmer temperatures NPP increased after the recovery 

phase. This was despite high mortality (therefore relatively low density) under warmer temperature. 

Recovery in both temperatures was explained by recovery (increase) of Pmax and less of a decline in 

biomass compared to low light conditions.  

Following the recovery phase it was still apparent that the disturbance had a greater adverse effect on 

NPP under warmer compared to ambient temperatures, as NPP under ambient temperature was 2.3 

times higher than under warmer temperature, whereas before disturbance (after the warming phase) it 

was only 1.2 times higher. The recovery phase was only 11 days, due to mortality of individuals. 

Whether full recovery of NPP to pre-disturbance levels would be seen after a longer recovery period 

for surviving individuals is unknown. It is likely that at ambient light under ambient temperature full 

recovery would occur, as no mortality had occurred under those conditions, whereas under warmer 

temperature it is unlikely that NPP would recover to pre-disturbance levels given that high mortality 

had occurred, thereby greatly reducing density and therefore areal biomass. Other components of the 

life-history of kelp, such as recruitment, may of course also be affected by warming and reduction in 

light, which would also ultimately have implications for NPP and recovery of kelp forests following 

disturbance (Wernberg et al. 2010). 

Biomass or standing stock is an important driver of NPP (see Chapter 3) (Reed et al. 2008; Reed et al. 

2009; Harrer et al. 2013), and is influenced both by size of individuals and density. Biomass declined 

in all experimental treatments over the course of the experiment, which is a normal phenomenon in the 

field at the end of summer, when kelp tissue erodes and growth rates decline toward the winter minima 

(see Chapter 3, Fig. 3.1a ) (Novaczek 1984a). Higher temperature did not result in increased tissue loss, 

compared to ambient temperature in this experiment. However, the experimental setup did not 

incorporate wave action, which is generally associated with large storms and influences breakage rates 

and resilience. Increases in storminess (and thereby wave action) would also potentially affect density 

by increasing dislodgement, which would affect overall productivity (Krumhansl et al. 2013). Increased 

wave action associated with storms would likely exacerbate the effects seen in the experiment, and 

could be predicted to further reduce NPP under low light conditions in warmer oceans. Increased 

frequency of storms would also reduce the odds of recovery between disturbance events (Byrnes et al. 

2011; Reed et al. 2011). It is clear that through a variety of mechanisms climate change has the 
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potential to lead to reductions in kelp forest primary production, but that the combined effects of 

various factors are likely to be complex and interactive. Successful mitigation of these impacts is likely 

to depend on management of local stressors, such as water quality and overfishing, in order to increase 

the resilience of ecosystems to global stressors, such as increasing temperature (Russell & Connell 

2012). 

4.4.2 Conclusions 

Increasing our knowledge of how elevated temperatures, in combination with other stressors, will 

affect kelp communities is critical for developing predictions of the ecological effects of climate 

change in these systems. The findings here suggest that warmer water temperature alone would not 

greatly affect the photosynthetic capacity of E. radiata, but there is a physiological cost of the 

adjustment to elevated temperature meaning they would be less resilient to additional perturbations. 

Resilience was further reduced under low light, indicating an interactive effect of elevated temperature 

and reduced light. The increased mortality under warmer conditions following disturbance would lead 

to declines in kelp forest habitat and NPP, and this effect was greatest in low light conditions. This 

suggests that improving and maintaining coastal water quality could be fundamental to mitigating the 

effects of other climate change-related stressors and increasing resilience of kelp to climate change. 

The methods used here; combining results from laboratory mesocosm experiments and field-derived 

data to model the effects of warming and disturbance on kelp forest productivity, provides a novel 

approach and an important contribution to investigating how climate change may impact on these 

important coastal ecosystems.   
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Table 4.1. Two-way analysis of variance (ANOVA) of the effect of temperature (21 or 24°C) and light (ambient and low) on P-E 
parameters, respiration rate (Rd), wet weight (WW) of the lamina of E. radiata after the warming (measurements in treatment 
temperature), and disturbance phases (df = 1). One-way ANOVA comparing P-E parameters, Rd, and wet weight among treatments in 
the initial phase. One-way ANOVA was used at initial phase to determine whether any differences existed between the groups before 
the treatments were applied. Two-way ANOVA of the effect of temperature and light on wet weight after the recovery phase. Two-
way ANOVA was not used for P-E parameters and Rd after the recovery phase due to high mortality in one of the treatments (24°C 
low light), therefore one-way ANOVA was used to compare the remaining three treatments. Significant results (p <0.05) are shown in 
bold. 

Source of 
variation 

Pmax  Alpha  Ek  Ec  Rd  WW  

 F P F P F P F P F P F P 
Initial 0.451 0.719 0.417 0.743 0.369 0.776 1.053 0.391 0.374 0.773 0.520 0.673 
Warming              
   Temperature 2.175 0.156 1.841 0.190 0.206 0.655 1.066 0.314 0.037 0.849 0.104 0.750 
   Light 17.073 <0.001 3.878 0.190 6.654 0.018 0.580 0.455 1.151 0.296 0.062 0.806 
   Temp x light 0.599 0.448 0.008 0.932 0.133 0.719 0.619 0.441 1.312 0.266 0.017 0.898 
Disturbance             
   Temperature 0.088 0.770 0.121 0.732 0.366 0.552 3.224 0.088 3.254 0.086 0.247 0.625 
   Light 18.445 <0.001 0.613 0.443 10.552 0.004 0.006 0.940 0.167 0.687 7.720 0.012 
   Temp x light 0.357 0.557 5.311 0.032 4.616 0.044 1.131 0.300 0.268 0.610 2.413 0.136 
Recovery 15.211 <0.001 0.203 0.819 2.393 0.133 1.346 0.297 0.085 0.919 - - 
   Temperature - - - - - - - - - - <0.001 0.989 
   Light - - - - - - - - - - 4.879 0.046 
   Temp x light - - - - - - - - - - 0.013 0.910 
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Figure 4.1. Experimental set-up, including; (a) purpose-built outdoor mesocosm showing experimental 
tanks, water supply via tipper buckets and additional shading that created the low light treatments; (b) 
the entire mesocosm covered with black plastic to exclude light for the disturbance phase; (c) indoor 
set-up used for photosynthetic measurements, showing replicate tanks and lights, and shade cloth 
covering tanks to create differing light levels; and (d) photorespirometry chambers in the indoor tanks.

a b 

c d 
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Figure 4.2. Mean percent change ± SE relative to initial values of maximum photosynthetic rate Pmax 

(a), photosynthetic efficiency (alpha) (b), respiration rate Rd (c), compensation irradiance Ec (d) and 
saturation irradiance Ek (e) for the four treatments, after the initial, warming, disturbance and recovery 
phases. Units are: µmol O2 g-1 ww h-1 for Pmax and Rd, and µmol photons m-2 s-1 for Ec and Ek. 
Recovery phase: 21°C ambient light treatment n = 6, 24°C ambient light treatment n = 5, 21°C low 
light treatment n = 5, 24°C low light treatment n = 2. 
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Figure 4.3. Mean ± SE percent change in biomass (wet weight of lamina) at each phase, relative to 
initial biomass for the four treatments. Initial, warming and disturbance phases n = 6 for all treatments. 
Recovery phase: 21°C ambient light treatment n = 6, 24°C ambient light treatment n = 5, 21°C low 
light treatment n = 5, 24°C low light treatment n = 2.  
 

 
 
Figure 4.4. Survival of individuals after each treatment over the four experimental phases.   
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Figure 4.5. Mean ± SE daily net production (NPP), expressed as g C m-2 d-1, at ambient and low light 
levels under current summer maximum temperature (control, 21°C) and under a warmer temperature 
scenario (elevated, 24°C). The dashed line represents zero NPP. 
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Appendix 4.1. Comparison of mean ± SE maximum photosynthetic rate, Pmax (i), photosynthetic 
efficiency, alpha (ii), and respiration rate, Rd (iii) for each treatment (n = 6) after the warming phase, 
when each kelp was incubated in 21 and 24°C water. Treatments are described by the temperature, and 
light level (low or ambient). Note, coefficients are based on wet weight as the kelp were not dried until 
the end of the experiment. 
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Appendix 4.2. Two-tailed p-values from one-sample t-tests on the difference in Pmax, alpha and Rd 

between incubations in 21 and 24°C water (after warming phase) for each treatment (n = 6). Significant 
p-value <0.05.  

Treatment Pmax Alpha Rd 

21°, low light 0.09 0.48 0.05 
21°, ambient light 0.18 0.54 0.63 
24°, low light 0.59 0.13 0.24 
24°, ambient light 0.06 0.19 0.58 
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Appendix 4.3. Mean ± SE chlorophyll a (i) and c (ii) content for each treatment after the warming (n = 
24) and recovery phases (n = 23). Treatments are described by the temperature, and light level (low or 
ambient). 
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CHAPTER FIVE - General Discussion 

Habitat-forming kelp forests are important components of coastal ecosystems that provide a range of 

values and ecosystem services that are dependent on the ability of the kelp to photosynthesize and 

produce energy (carbon). This thesis presents a method for measuring oxygen evolution of kelp, from 

which estimates of primary productivity can be made. Kelp productivity under current environmental 

conditions was investigated by measuring photosynthesis-irradiance response of kelp at two depths 

over the annual cycle, which was incorporated with biomass and light data into a physiological model. 

Kelp productivity under future environmental conditions was investigated in a laboratory mesocosm 

study that manipulated light and temperature, and included a simulated disturbance in order to examine 

resilience under those potential future scenarios.       

5.1 Measuring photosynthesis and respiration rates of kelp in situ 

Chapter 2 describes a novel photorespirometry chamber system and methodology for accurately 

measuring in situ photosynthesis and respiration rates of kelp, from which photosynthesis-irradiance 

(P-E) curves can be generated for adult kelp. Such measurements have not previously been achieved 

for attached adult canopy-forming kelp and thus represents a much needed and valuable contribution to 

our ability to quantify productivity of these important components of temperate reef ecosystems. By 

using this system to measure P-E curves for kelp in the field and in the laboratory, this study 

demonstrates the importance of measuring P-E curves in situ. P-E responses measured in the laboratory 

were found not to be representative of P-E responses measured in situ. Consequently, estimates of 

productivity based on laboratory-derived photosynthesis measurements would likely underestimate 

kelp forest productivity. This finding highlights the caution that is required when evaluating and 

attempting to extrapolate data from studies on the photosynthetic response of kelp in the laboratory to 

in situ circumstances.  

The photorespirometry system and method for generating P-E curves is a substantial step forward in 

our capability to investigate kelp productivity, especially given that so few field measurements of 

photosynthetic rates of kelp have previously been made due to their large size and the logistical 

constraints associated with taking measurements in the subtidal exposed environments where kelp 
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dominate (Reed et al. 2009). Furthermore, the chamber system could easily be modified to 

accommodate larger or smaller algae or different species. This can be done by adjusting the overall size 

of the chamber and if necessary, the foam stopper that seals around the base of the plant. While not 

presented in this thesis, the chamber system was successfully adapted and used in Western Australia on 

E. radiata that are characterised by short stipes (~10 cm) and long primary lamina (up to ~1 m) (K 

Rodgers unpublished data). The versatility, relatively low-cost, and simple design and operation of the 

system, mean that this method is highly accessibility to other researchers working on macroalgae. 

5.2 Kelp productivity under current environmental conditions 

Kelp species are widely recognised as being important primary producers in coastal oceans (Mann 

2000; Reed et al. 2008), yet very few datasets of spatial and temporal patterns of macroalgal biomass 

and photosynthetic performance exist for subtidal kelp. This limits our ability to estimate net primary 

productivity (NPP) for kelp populations over spatially and temporally appropriate timescales (Reed et 

al. 2009). By using the chamber system developed in this study the P-E response of kelp was measured 

at two depths (6 and 14 m) over the seasonal cycle in Chapter 3, providing a unique data set on 

photosynthetic performance under natural environmental conditions that currently exist at Goat Island. 

The daily production rates of E. radiata quantified from in situ measurements (average 1.4 ± 0.1 g C m-

2 d-1 across the entire study period and depths) revealed that production of this species was near or 

slightly above the median published value for macroalgae (Duarte & Cebrian 1996).  

Quantifying photosynthetic performance over the depth gradient of the kelp forest is an important step 

towards understanding spatial patterns of productivity of subsurface kelp and seaweed species that 

occur across a depth range, as opposed to floating canopy kelp forests (i.e. Macrocystis pyrifera) where 

depth is not as important a factor given that most of the biomass is at the surface. In this study E. 

radiata in deeper water appeared to acclimate to the lower irradiance by increasing photosynthetic 

efficiency at sub-saturating irradiances (alpha), increasing their maximum rate of photosynthesis (Pmax) 

and reducing the compensating irradiance (Ec) at which photosynthesis balanced respiration, compared 

to kelp in shallower water. To date such physiological adaptations to varying light levels with both 

depth and season have largely been overlooked in estimates of seaweed productivity, but these findings 
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suggest this is a necessary consideration when investigating spatial and temporal patterns of 

productivity in subtidal macroalgae.   

Incorporating P-E parameters and respiration rates, along with biomass and underwater irradiance data, 

into a physiological model revealed that productivity (NPP) varied greatly among seasons, with 

greatest NPP in summer and very little, or negative, NPP in winter. It also revealed differences between 

depths, with overall NPP ~1.6 x higher in shallow (6 m) compared to deeper (14 m) water. The 

difference in production between depths averaged across the year was proportional to the difference in 

production, despite lower light. This was a due to the greater photosynthetic ability of kelp in deeper 

water. This is a key finding of this study, which has relevance for other subtidal macroalgae species, 

which may also exhibit depth-related adaptation of photosynthetic response.    

This study is the first to produce an annual carbon budget, for multiple depths, based on instantaneous 

measures of photosynthesis and respiration for a subtidal kelp, as opposed to other studies that have 

measured biomass accrual. Methods based on measurements of photosynthesis and those based on 

biomass measure different aspects of production and each have value. The methods presented here, of 

measuring photosynthetic response and incorporating those in modelling, can help validate biomass 

methods (that include uncertainty in accounting for DOC and require extremely intensive sampling 

effort). For example, the difference in annual production between depths was proportional to the 

difference in biomass (1.6 x greater production at 6 m vs 14 m depth). However, the methods used in 

this study can reveal more information than would be revealed by biomass measurement alone. For 

example, the physiologically based-method used here revealed that the proportional difference between 

NPP and biomass varied seasonally; in summer, that irradiance was 3 x higher, biomass 2.5 x higher, 

but NPP was only 1.7 x higher at 6 m compared to 14 m depth due to the kelp at 14 m being more 

efficient.  

The finding that increased photosynthetic performance could offset the effects of lower light in deeper 

water, highlights the importance of incorporating depth-specific photosynthetic performance into 

estimates of production over the depth range of subsurface kelps and seaweeds. It is also clear that by 

taking this approach greater examination of the drivers of NPP is possible, and conclusions can be 

drawn about the degree to which the different factors influence estimates. The ability to quantify 

productivity under current conditions, and gain greater insight into the relative importance of different 
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factors in influencing productivity of kelp, provides an important advancement for studying subtidal 

kelp systems. Ultimately this will allow a greater understanding of energy-flow and ecosystem function 

in kelp and other macroalgal-dominated systems, and provide a benchmark against which past and 

future changes in NPP, biomass and underwater irradiance can be measured and evaluated. 

5.3 Comparing current productivity to historical kelp productivity at Goat Island     

The Cape Rodney-Okakari Point Marine Reserve is the oldest marine reserve in New Zealand and thus 

presents the opportunity to track changes in kelp forest productivity over a time period where there has 

been a marked change in habitat distribution. Based on the estimates of annual NPP it was possible to 

compare current production levels to production estimates for kelp at Goat Island in the past. This is 

relevant because large-scale changes in subtidal reef habitats have occurred within the Cape Rodney-

Okakari Point Marine Reserve since its establishment in 1976 as a result of protection from fishing 

(Babcock et al. 1999; Shears & Babcock 2003; Parsons et al. 2004; Leleu et al. 2012). One of the most 

obvious changes has been the complete disappearance of urchin-grazed ‘barrens’ due to the recovery of 

previously fished sea urchin predators (snapper and lobster) (Babcock et al 1999). These urchin barren 

habitats have primarily been replaced by kelp or algal turf habitat. Between 1978 and 1996 it was 

estimated that 80% of rock-flat habitat (‘barrens’) had changed to kelp forest or shallow mixed algal 

habitat (Babcock et al. 1999). Larger-scale habitat mapping covering the entire marine reserve (485 ha) 

in 2006 found that kelp forest had replaced 72% of the area that had been urchin ‘barrens’ in the late 

1970s, leading to an overall increase in kelp forest from 45.9 ha to 96.1 ha (Leleu et al. 2012). Based 

on the estimates of annual NPP at the shallow and deep extremes, that increase in cover would have led 

to an increase in production of between 186 and 306 tonnes C y-1 over the entire reserve. This equates 

to an approximate doubling in total kelp production within the reserve, from between 170 and 280 

tonnes C y-1 in 1978 to between 356 and 586 tonnes C y-1in 2006. This estimated increase in kelp 

production is double the increase estimated by Babcock et al. (1999), who estimated that primary 

production of the kelp forest, based on tissue production estimates, increased by 64% over the 1978 to 

1996 period.   

This increase in estimated NPP has important implications for understanding the effects of fishing and 

also in the way marine reserve success is assessed. These results suggest that on exposed rocky coasts 
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such as at Leigh, fishing can result in a large-scale indirect declines in benthic primary production. 

Kelp are the most important benthic primary producers on shallow reefs and declines in kelp biomass 

has been shown to have consequences for carbon flow in nearshore foodwebs (Salomon et al. 2008). 

These findings are not surprising in light of the results of this study, which indicates that overall NPP 

inside reserve is likely to be double that in fished areas. The success of marine reserves is often judged 

by easily measured metrics which are visible and have value to humans, such as increases in fish or 

large invertebrate population sizes (Cole et al. 1990; Stewart et al. 2009; Edgar et al. 2014; Kelaher et 

al. 2014), but indirect ecological effects such as changes in the cover of primary producers are equally 

as important as they have major implications for energy flow, biodiversity and habitat provision 

(Babcock et al. 2010). Habitat cover is sometimes assessed as part of marine reserve monitoring (Miller 

& Russ 2014), but using the type of methods and approach presented here to convert habitat 

distributions into estimates of carbon production would provide information on ecosystem functioning 

and energy-flow.  

5.4 Kelp productivity under future environmental conditions  

Kelp productivity is also likely to change in the future as many of the environmental factors that affect 

kelp productivity are predicted to change with climate change (Harley et al. 2012). Identifying the type 

and strength of interactions between global and local stressors is important as there is likely to be 

synergistic and interactive effects of various stressors associated with climate change (Russell et al. 

2009; Strain et al. 2014). Investigating the impact of changing environmental conditions on adult 

canopy-forming kelp is challenging due to our inability to vary the relevant factors underwater on an 

appropriate scale. This means that investigations have to be made via laboratory experiments, which 

have generally been limited due to the large size of kelp. The chamber method developed in this study 

was designed for use in the field, but also to have applicability for use in mesocosm experiments in the 

laboratory. Thereby this method also provided a valuable tool for investigating the effects on kelp of 

projected changes in environmental conditions.  

Chapter 4 used a mesocosm experiment to investigate the interactive effects of elevated temperature 

and reduced light on photosynthetic-irradiance response and resilience of E. radiata. Temperature and 

light were manipulated because they are critical factors influencing photosynthesis, respiration and 
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growth rates of kelp (Falkowski & Raven 2007) that are likely to change in the future as a result of 

anthropogenic climate change. Light levels underwater are likely to decrease with increased storminess, 

heavy rainfall, and erosion increasing the sediment load in coastal waters, and increased waves would 

exacerbate the problem by re-suspending that sediment thus increasing turbidity (Byrnes et al. 2011; 

Hepburn et al. 2011; Pritchard et al. 2013). The laboratory experiment in this study showed that 

reductions in light would have a strong negative effect on the photosynthetic performance of kelp. In 

contrast, a temperature increase of 3°C would not have adverse impacts on photosynthetic-irradiance 

response. However, when a perturbation was introduced, it was clear that kelp in the warmer water 

were less resilient to that disturbance and had much higher mortality, and the effects of increased 

temperature were greatest at low light.  

By applying the laboratory findings to in situ data from 6 m in summer (Chapter 4), the potential 

effects on overall net primary productivity were able to be estimated, allowing insight into how such 

changes in light and temperature would translate into changes at the kelp forest level. Elevated 

temperatures and reduced light were both predicted to reduce NPP of E. radiata. Disturbance (as 

simulated by excluding light to mimic conditions that can occur during and after storm events) reduced 

production further, particularly under both elevated temperature and low light scenarios where NPP 

was negative. Furthermore, under those scenarios, kelp were less likely to recover following 

disturbance, and production would be reduced compared to production achieved under current 

environmental conditions. This experiment and analysis demonstrates the benefits of combining 

manipulative mesocosm experiments with modelling and field-measured datasets to further our 

knowledge about the impacts of climate change on kelp forest productivity. 

Variation in biomass has an equally important influence as the P-E response on estimates of NPP. It is 

unknown how climate change impacts would alter kelp size and biomass given that Ecklonia 

morphology varies in response to multiple forcing factors operating on different morphological 

characteristics and different spatial scales (Wernberg et al. 2003a; Fowler-Walker et al. 2006), and size 

and morphology of E. radiata shows a high degree of variability over its current geographic range 

(Novaczek 1984a; Wernberg et al. 2003a). Temperature is recognized as a key driver of large-scale 

growth patterns of kelp and therefore production (Dayton 1985). For E. radiata, individuals are 

generally smaller in the warmer waters of Australia’s east coast compared to cooler waters of Tasmania 

(Mabin et al. 2013). Over a smaller scale in WA (sites all within 5 km of each other), growth and 
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productivity (biomass accumulation) of E. radiata was shown to be lower at sites where temperature 

was up to 1.4°C higher in summer than at other sites where temperature was cooler in summer 

(Bearham et al. 2013). Furthermore, adult Ecklonia cava exhibit a plastic response to temperature, 

increasing in size when transplanted from warmer to cooler water (Serisawa et al. 2002). Based on 

these studies it appears that increasing water temperature may potentially contribute to a reduction in 

size of adult Ecklonia, which would have implications for productivity. It is unclear how this would 

impact on overall productivity, as while smaller individuals may have higher photosynthetic rates, 

overall NPP is related to areal biomass. A reduction in plant size would also possibly affect how the 

kelp canopy modifies its surrounding environment and thereby influences associated assemblages 

(Irving et al. 2004; Toohey et al. 2004a; Wernberg et al. 2005).  

In addition to the potential effects of climate change on photosynthesis and respiration rates of kelp, 

growth and biomass of adults, or reproduction and performance of gametophytes, kelp production in 

the future may also be altered by changes in species interactions (Harley et al. 2012). For example, 

warming ocean temperatures have allowed the range expansion of the sea urchin Centrostephanus 

rodgersii into Tasmania where it has overgrazed the productive kelp forest leading to loss of 

biodiversity and ecosystem services (Ling 2008; Ling et al. 2008). Overfishing of predators that have 

the ability to consume the urchins has contributed to the collapse of kelp forests and a phase-shift to a 

less desirable habitat, highlighting the potential for synergistic effects of climate change (Ling et al. 

2009a). Furthermore, metabolic theory predicts that herbivore consumption will increase with 

increasing temperature, more quickly than any increases in algal photosynthetic rate and production, 

altering plant-herbivore interactions (O'Connor 2009). These issues are outside the scope of this study, 

but highlight the complex and synergistic nature of interactions and mechanisms controlling subtidal 

communities and the difficulties involved in predicting future changes.   

 5.5 Limitations of the study, and potential future research 

This thesis has advanced our understanding of the photosynthetic-irradiance response of E. radiata in 

situ over the annual cycle across multiple depths and the effects of this variation on kelp forest primary 

production, and also of the effects of potential increases in temperature and reductions in light, 

combined with disturbance, on kelp productivity and resilience. But there are limitations and a number 
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of interesting areas for further work. The underwater light environment is highly temporally dynamic, 

and light fluctuations, such as wave-induced light-flashes may enhance algal productivity (Dromgoole 

1988; Wing & Patterson 1993). This research highlighted the difficulties associated with replicating the 

dynamic light environment in the laboratory and how this may impact on laboratory-based 

measurements. Differences in the spectral distributions of solar vs. artificial irradiance are also likely 

and would mean that at the same PFD, photosynthetic rates could differ (Kirk 2011). This was 

observed in Chapter 2 when comparisons were made among P-E curves measured in situ and in the 

laboratory under natural and artificial light. Differences in light spectra with depth may also influence 

in situ measurements, as when individuals are moved nearer to the surface into saturating light, they 

also have greater exposure to the broader spectrum irradiance at the surface. This did not appear to 

negatively affect photosynthetic rates in this study as kelps photosynthesized most rapidly near the 

surface, but there are reasons for caution and further investigation is needed into how variation in 

spectra associated with depth and also the experiment set up (e.g. plastic bag and shade cloth) influence 

the photosynthetic results. 

Kelp in the field were randomly selected from within the canopy for photosynthetic measurements and 

the initial stages of the incubations took place while the kelp was still attached within the canopy. This 

allowed measurements of photosynthesis in as natural as possible circumstances, which includes any 

potential shading from neighbouring kelp individuals. The kelp were then removed from the canopy to 

be attached to the lift frame, which did not alter rates compared to when individuals were in the canopy 

at the same depth. This provided some confidence that photosynthetic rates will not vary greatly 

between kelp in canopies of differing density, or among more widely spaced individual kelp at kelp 

forest edges. Density was not found to vary greatly over the depth gradient at the sites used in this 

study, however density influences biomass and is therefore an important component determining kelp 

forest productivity, and may vary in other locations or over time. Therefore assessing the P-E response 

of kelp inside and outside the canopy and at varying densities would be a useful future avenue of 

research.  

Using the chamber system in situ requires relatively calm sea conditions, thus limiting the days that are 

suitable for field sampling. It is also time intensive, and to obtain the amount of light needed to saturate 

photosynthesis, and necessary to derive P-E curves, the sampling time is limited to the middle part of 

the day. Those limitations meant that in summer a maximum of two sets of incubations can be 
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performed, one either side of midday. In winter, the time for incubations is further reduced because of 

shorter days and lower angle of the sun, and only one set of incubations was carried out in a day. 

Another factor limiting the amount of chambering time was battery power (to power the pump 

systems), however this can be remedied by having multiple, or larger, underwater battery packs. The 

time consuming nature of the incubations is probably the largest limitation of the method described as 

it restricts the number of replicate individuals that can be sampled at any given site, depth or season. 

This could be rectified by increasing the number of chambers, but also by reducing the need for divers 

to manually change the light levels underwater (i.e. adding and removing shade cloth etc.). This could 

be done by attaching multiple individuals in chambers to a larger frame, moving them to deeper water 

and slowly lowering them down through the water column from the surface. Ultimately, the easiest 

way to increase replication would be to carry out incubations in the laboratory, but due to the 

limitations outlined above this would require more research into developing an appropriate light 

environment in artificial conditions. 

Due to the time limitations of the chamber system used in this study, as well as adverse weather 

conditions during some seasons, not every season was able to be sampled at both depths. Consequently, 

P-E parameters and biomass for some seasons had to be estimated based on the measured seasons. 

Seasonal and annual NPP estimates could be refined by further sampling during all the seasons. This 

would clarify the seasonal patterns and improve the precision of the average seasonal P-E parameters 

that are incorporated into the model. Likewise, greater temporal resolution in biomass estimates would 

improve the precision of the modelled estimates. Continuing to sample over multiple years would also 

be beneficial as it would allow the development of a dataset to quantify inter-annual variability. Based 

on the data presented here, one is unable to determine how typical the seasonal estimates of P-E 

parameters are, although there were measurements during winter at 6 m over two years and they were 

very similar. In particular, there is uncertainty around how characteristic the values measured in spring 

2013 at 6 m are of spring generally. The high Pmax and high respiration rates may reflect high growth 

rate in spring, or they could have been a result of a dieback event which had occurred during the winter 

of that year. Periodic mass-mortality events have been recorded at Goat Island (Cole & Babcock 1996; 

Haggitt 2004), although the actual cause is unknown. In 2013 there had been high water temperatures 

over the summer that persisted for longer than normal, which may have contributed to or caused the 

death of kelp in shallower water (there was no dieback at the 14 m site). Areas of dieback, which 

resulted in complete decay or erosion of the laminae leaving only the stipe, which then later also 

112 
 



 CHAPTER 5 
 
disintegrated, occurred at 6 m near the site where photosynthetic measurements were made for this 

study, but all kelp sampled in winter and spring of 2013 appeared healthy. Although it is possible that 

photosynthetic performance was somehow compromised in these seemingly healthy individuals, it is 

unlikely that was the case for winter as P-E parameters were very similar to preliminary measurements 

made in 2012. Moreover, the seasonal pattern of NPP over the year at 6 m showed a similar pattern to 

NPP at 14 m where there was no dieback. Multi-year sampling would, however, help to clarify these 

patterns. Additional sampling would further increase our confidence in the modelled estimates of NPP, 

but the data presented here represents a major step forward in our knowledge of subsurface kelp forest 

productivity given that no such datasets previously existed.  

An additional component of the model that could be further refined is incorporating variation in 

respiration rates over the 24 hour cycle. Enhanced post-illumination respiration rates have been 

observed in some algae (Falkowski & Raven 2007), but there was no evidence for this in the 

measurements of respiration of E. radiata. Preliminary investigations were undertaken in the laboratory 

in this study to examine respiration rates over the diel cycle to try to ascertain if rates measured during 

the night are similar to those measured in the dark during the day. This is relevant because if for 

example, they were consistently lower at night, using the higher rates measured in the dark during the 

day would result in underestimates of NPP. The preliminary investigation showed that respiration rates 

during the night were similar to those measured around midday, but there did appear to be a peak in the 

later afternoon. Further research is needed to resolve these patterns.  

The laboratory mesocosm experiment carried out in this study was the first of its kind to investigate the 

effects of elevated temperature and reduced light on adult kelp individuals. While this yielded some 

interesting and clear results it was somewhat limited by low sample size and number of experimental 

tanks (n = 2) in each treatment. This was due to logistical constraints on space, energy to heat the 

volume of water required to continuously supply the tanks, and the time needed to perform the 

incubations. A greater number of replicates would have possibly increased the power to detect 

significant differences among treatments. If additional resources were available additional tanks in each 

treatment would resolve this issue, or alternatively additional kelp individuals in each tank would have 

allowed the inclusion of the factor ‘tank’ in the statistical analysis. However, given that the observed 

patterns with light and mortality were clear, it is not certain that this would have helped increase our 

understanding. Another approach could have been to scale down the experiment to juvenile kelp 
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individuals and use a higher number of smaller tanks, but this approach was not taken because studying 

adult individuals provided greater insight and better reflected what is likely to occur in the field with 

warming or dieback events. Study of the effects of temperature on adults is also of great importance 

because early life-history stages of Laminarian kelps generally have a higher temperature tolerance 

than adult sporophytes (tom Dieck 1993), suggesting that the tolerance of adults is more likely to limit 

distribution and functioning. Furthermore, even though each treatment had a low number of replicates, 

this experiment represents the first time P-E curves of adult kelp have been measured under 

manipulated light and temperature conditions, and the impact of disturbance on photosynthetic 

performance quantified. 

The experiment took place during summer to investigate the impact of an increase in annual maximum 

temperature, which will occur in much of the global ocean with ocean warming (Kirtman et al. 2013), 

and can also arise from extreme “heatwave” events (Smale & Wernberg 2013; Wernberg et al. 2013). 

However, warming in winter may also be a problem because during those months there is very low 

light available to the kelp and they are close to the compensation point. Therefore, if conditions were 

warmer and respiration demands increased (Davison et al. 1991; Staehr & Wernberg 2009; Biskup et 

al. 2014; Colvard et al. 2014) (respiration rates did not differ significantly between temperatures in the 

experiment, but tended to be higher in warmer water) then kelp productivity would be reduced even 

more over the winter. An increase in the duration of peak temperatures i.e. warmer water extending 

into autumn, could also be problematic for kelp, for example by increasing tissue loss, and play a role 

in causing, or creating conditions conducive to dieback events. The mesocosm approach used in this 

study provides an opportunity to further investigate these potential impacts and could be repeated at 

different times of the year. More generally this approach provides a framework to experimentally 

address the interactive effects of a range of environmental and climatic stressors on kelp and other large 

macroalgae. 

5.6 Concluding summary 

In conclusion, this thesis has presented a novel chamber system for measuring photosynthetic 

performance of kelp in situ and in the laboratory. This research provides the first in situ P-E curves of 

adult kelp over the annual cycle and across multiple depths. Using the system to investigate 
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productivity under current environmental conditions over temporal (seasonal) and spatial (depth) scales 

that are relevant to a kelp forest, showed that production of carbon is greatest in summer and very low 

or below zero in winter, that annual NPP and biomass are both 1.6 times higher at 6 m than at 14 m 

depth, and that increased photosynthetic performance of individuals at 14 m could offset the effects of 

lower irradiance in deeper water. The greater photosynthetic capabilities of kelp at greater depth is an 

important finding of this study, and one that was only able to be determined through measuring 

photosynthetic response with the chamber system (as opposed to simply quantifying biomass). This 

finding advances our understanding of photosynthesis and overall production of E. radiata forests, and 

has implications for estimating the production of other subtidal algae that exist across a depth range. 

Incorporating depth-specific photosynthetic performance is likely to increase the accuracy of estimates 

of production for such species.  

The chamber system was utilized in a laboratory mesocosm experiment to provide insight into how 

photosynthetic capacity and efficiency might change under future environmental conditions. This 

revealed that an increase in maximum water temperature (+3°C) did not greatly alter the photosynthetic 

response of E. radiata, but that reduction in light levels did. However, warmer temperatures did reduce 

the resilience of kelp to disturbance, and those effects were greatest at low light. Combining the 

experimental and field results into a model to predict NPP is a novel and beneficial approach to 

studying these issues for subtidal kelp. This approach showed that a reduction in light combined with 

an increase in temperature would have serious implications for the productivity of kelp forests. Kelp 

forests are under threat from a variety of stressors, perhaps most importantly from climate change, and 

in many cases very little is known (or quantified) about many of the important services that kelp forests 

provide. The methods and data presented in this thesis have provided an increased understanding of E. 

radiata productivity and ecological function and how this important habitat-forming kelp may be 

impacted by climate change.  
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