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Abstract  

Burning of fossil fuels has increased CO2 levels, resulting in a warming climate. ‘Blue’ 

(marine) carbon may be a future climate change mitigation tool. Macroalgae (seaweeds) are 

fast-growing marine primary producers which have recently been suggested to be an 

overlooked blue carbon sink. Here, I measured growth of different fucoids (order Fucales) 

and kelps (order Laminariales) in tightly controlled laboratory as well as more realistic field 

experiments, to identify species that may be useful to grow for carbon mitigation. First, I 

measured growth of 17 species in climate-controlled rooms, under low and high levels of 

temperature, light and desiccation stress, in both a summer and winter month. I found that 

three Durvillaea species and Macrocystis pyrifera were strongly inhibited by 23°C, that 

Hormosira banksii was most resilient across stressors, and that Landsburgia quercifolia 

generally had highest growth. Furthermore, the summer experiment suggested that several 

species can acclimatize to temperature stress. Six of the 17 species were also grown at three 

field sites in both summer and winter in Lyttelton harbour. Field-based growth rates were 

highly variable, therefore there were few significant results. Still, individual fragments of 

Macrocystis pyrifera were recorded to increase in biomass by up to 7% per day, in support of 

past published growth studies. I also found that growth of Cystophora scalaris and 

Sargassum sinclairii was particularly low at Corsair bay compared to other sites, although the 

underpinning mechanisms for site-differences remain unclear. I suggest that Macrocystis 

pyrifera is the best candidate species for future macroalgal carbon credit farming because of 

its potential for high growth and its very large size. However, marine heatwaves are projected 

to become stronger and longer, and future Macrocystis pyrifera farming may therefore only 

be successful in the south of the South Island. Although macroalgae may not be the silver 

bullet for climate change mitigation, macroalgal farming will likely play an increasing role in 

the production of sustainable food and other consumables. As governments and managers 

plan for a lowered carbon future, macroalgal aquaculture, carbon-offsetting and macroalgal 

restoration projects may, in concert, provide significant nature-based carbon storages to 

mitigate the impact of climate change. New Zealand has – because of its extensive coastline, 

large Exclusive Economic Zone, unusual high macroalgal diversity and many near-shore 

deep canyons – a unique opportunity to be leading globally on macroalgal-based blue carbon 

mitigation. 
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Chapter One. Introduction 

 

1.1. General introduction 

This project aims to provide initial research required to gauge carbon capture for those 

invested in macroalgal (seaweed) aquaculture and coastal management of carbon budgets in 

New Zealand. Today, atmospheric carbon concentration is 415 parts per million (ppm), up 

from preindustrial levels of 280 ppm (Letcher 2020).  The global consequences from 

anthropogenic emissions of greenhouse gasses leading to climate change are diverse and 

increasing, for example: causing stronger storms, floods and droughts and numerous 

alterations to plant and animal communities (Wernberg et al. 2011, Wernberg et al. 2016a, 

Pecl et al. 2017, IPCC 2019b, a, Portner et al. 2019, Smale et al. 2019, Straub et al. 2019, 

Thomsen et al. 2019). These impacts of climate change are extensive across ecological and 

human systems (Bolin and Doos 1989, Houghton 1996, Poloczanska et al. 2013, Lam et al. 

2016, Settele et al. 2016, IPCC 2019a). Management and commercial strategies that can 

increase carbon sequestration are therefore important. Blue (marine) carbon accounts for at 

least 50% of global carbon fixation (Nellemann and Corcoran 2009). Blue carbon has 

typically been associated with mangroves, coral reefs and seagrass habitats, but recent 

research has suggested that macroalgae-dominated ecosystems and macroalgae aquaculture 

may also be important carbon-sinks (Krause-Jensen and Duarte 2016, Macreadie et al. 2019, 

Ortega et al. 2019). Carbon emission mitigation and offsetting through macroalgal growth is 

a relatively new concept that may be an important new tool for a more sustainable and low 

carbon future (Froehlich et al. 2019). Macroalgae aquaculture provides additional positive 

environmental externalities (Zheng et al. 2019), including reduced local ocean acidification, 

alleviation of eutrophication and fish habitat (Fernand et al. 2017). 

 

1.2. Blue carbon  

Blue carbon can be defined as “organic carbon that is captured and stored by the oceans and 

coastal ecosystems, particularly by vegetated coastal ecosystems” (Macreadie et al. 2019). 

There is growing global interest in blue carbon as a carbon sink for marine-based climate 

change mitigation, and today, several recent studies have supported the notion that 

macroalgae may have been overlooked as an important means of carbon sequestration 
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(Macreadie et al 2019, Duarte et al 2017, Raven 2017, Krause-Jensen & Duarte 2016, 

Krause-Jensen et al 2018, Chung et al 2013, Howard et al 2014).  

 

Atmospheric carbon concentration is proportional to the concentration of carbon in the 

oceans because the top oceanic layer exchanges carbon readily with the atmosphere  

(Siegenthaler and Sarmiento 1993). When marine photosynthetic organisms in the top 

oceanic layer sequester carbon through photosynthesis, this carbon no longer contribute to 

climate change as a greenhouse gas. Carbon sequestration in macroalgae can be through; 

carbon-uptake by naturally expanding macroalgal forests, restoration projects of previously 

lost forests, or through aquaculture and larger scale off-shore bioengineering projects (Kim et 

al. 2017, Jung et al. 2020).  

 

There is consensus that carbon from marine organic matter, including macroalgae, that 

reaches more than 1,000 m depth (i.e., the bathypelagic zone) becomes a long-term carbon 

sink (Herzog et al. 2003, Krause-Jensen and Duarte 2016, DeVries et al. 2017, Ortega et al. 

2019). If macroalgae deposited at this depth is decomposed, released carbon can only re-enter 

the atmosphere at time scales beyond immediate concern for reducing anthropogenic 

emissions. However, the methodology to document macroalgal-based blue carbon budgets is 

still to be developed.  Large research gaps remain around how much carbon from macroalgae 

makes it into the deep ocean where it becomes a long-term sink, and potential impacts on 

deep-sea benthic communities (Dierssen et al. 2009, Filbee-Dexter et al. 2018, Krause-Jensen 

et al. 2018).  

 

Blue carbon research has mainly focused on sinks in mangroves, seagrass beds and coral 

reefs because carbon deposited in expanding reef structures or accumulating sediments can 

be measured and aged easily (Wylie et al. 2016, Howard et al. 2017, Filbee-Dexter and 

Wernberg 2020). By comparison, more rapidly decomposing macroalgae that inhabit rocky 

shores appear less likely to provide a long-term carbon sink (Krause-Jensen and Duarte 

2016). Nevertheless, macroalgae can leak dissolved and particulate organic matter and can 

break and detach from the reef, and these carbon-sources can theoretically sink to deeper 

waters and thereby become a carbon sink on short to medium time-scales (Dierssen et al. 

2009, Filbee-Dexter et al. 2018, Krause-Jensen et al. 2018). To date, the ocean has functioned 

as a buffer from global climate change by absorbing ca. a third of all anthropogenic CO2 

emissions (Nellemann and Corcoran 2009). The importance of macroalgae to be used in 
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climate change mitigation was recently highlighted using Sargassum spp. as a case-study to 

demonstrate how a specific genus can provide carbon storage opportunities (Gouvêa et al. 

2020). 

 

1.3. Blue carbon and macroalgae in New Zealand  

New Zealand is inhabited by more than 900 macroalgal species (Nelson 2020), with many 

endemic but poorly researched genera and species. Thus, basic trait data, such as growth rates 

under different environmental conditions, are lacking for most species, and the carbon 

capture potential for most macroalgae in New Zealand is therefore unknown. 

The New Zealand aquaculture industry is expected to grow from $600 million to $3 billion 

by 2035, as set out in the Ministry for Primary Industries National Aquaculture Strategy 2019 

(Stenton-Dozey et al. 2020).  Thus, interest in macroalgae for commercial opportunities 

including; biofuel (Fernand et al. 2017), pharmaceuticals, bioplastic, fertilisers, stock 

supplements for methane reduction (Roque et al. 2019) as well as human consumption, is 

growing. In this context, carbon sequestration provides a new opportunity for the macroalgal 

industry in New Zealand.  

 

I am only aware of a single comprehensive analysis of blue carbon potential in New Zealand 

(Gao et al. 2020). This study highlighted that mangrove forests in the Auckland region can 

sequester 384,451 Mg C corresponding to an economic value of c. US$ 70 million (Gao et al. 

2020). These mangroves are currently increasing in extent at 3.2% annually, highlighting the 

potential for blue carbon management to lead to increasing economic and ecological value. 

Furthermore, a more general study of the carbon cycle in New Zealand (Baisden and 

Manning 2011), estimated that New Zealand oceanic waters provide a net carbon sink of c. 

20 Tg C annually. However, it is unclear how macroalgae, if at all, contributed to this ball-

park estimation. By comparison, macroalgae is suggested to be a significant blue carbon 

source in kelp forests along the Great Southern reef in Australia (Filbee-Dexter and 

Wernberg 2020), where 1.3–2.8 Tg C may be sequestered each year, corresponding to 

approximately 3% of total global blue carbon uptake. New Zealand has, like Australia, an 

extensive coastline and relatively similar ecosystem characteristics to the Great Southern 

Reef suggesting important carbon sequestration here. Furthermore, in New Zealand waters, 

deep-sea macroalgal-based carbon stores have been recorded at depths of 565–1000 meters 

(Marshall 1988, De Leo et al. 2010).  New Zealand has the fourth largest economic exclusive 
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zone (EEZ) or state governed ocean in the world (Baisden and Manning 2011), suggesting a 

large capacity for macroalgal carbon-sequestration. More specifically, as New Zealand faces 

increasing ecological consequences from land-based forestry with rising carbon prices, the 

interest in off-shore carbon-farming is increasing (Whitehead 2011). Furthermore, New 

Zealand is legally obligated to achieve a net zero-carbon emissions budget by 2050 under the 

Zero Carbon Bill (Blackman 2019). Currently, New Zealand - with a net annual CO2 

emission of 55.47 Mt in 2018 (Boston 2020) - does not include blue carbon in its national 

carbon budgets. Ocean CO2 uptake inside the New Zealand EEZ may be up to 5% of global 

oceanic surface carbon uptake (MacDiarmid et al. 2013), and global annual CO2 flux is close 

to 2.5 Pg C yr−1 and increasing (Lovenduski et al. 2016). A rudimentary estimate of 5% of 

2.5 Pg C yr−1 suggests that the New Zealand blue carbon sink could be up to 125 Mt CO2 

equivalents, a value that is considerably larger than New Zealand’s current annual emissions.  

 

1.4. Macroalgal growth  

Macroalgal beds are amongst the most productive marine habitat on earth (Mann 1973, 

Krause-Jensen et al. 2018). Macroalgae are some of the fastest-growing species on the planet, 

having equal to or greater rates of productivity than the most productive terrestrial plants 

(Nellemann and Corcoran 2009). Macroalgal species with high growth rates can sequester 

more carbon than slower growing species (Krause-Jensen et al. 2018, Ortega et al. 2019). 

Macroalgal growth is primarily driven by light and photosynthesis (Lobban et al. 1994). 

Furthermore, macroalgae growth, and therefore carbon sequestration, can also be limited by 

nutrients, temperature, grazers, diseases, salinity and, for intertidal species, desiccation 

(Mann 1973, Neori et al. 1991, Lobban et al. 1994, Kübler et al. 1999, Thirumaran and 

Anantharaman 2009, Karsten 2012, Eckersley and Scrosati 2020). Macroalgae nutrient 

uptake, unlike terrestrial plants, occurs through diffusion from the water column, rather than 

soils or sediments (Lobban et al. 1994).  

 

Macroalgal carbon will mainly be a long-term carbon sink if the macroalgae tissue reaches 

the deep sea (Herzog et al. 2003, Krause-Jensen and Duarte 2016, DeVries et al. 2017, 

Ortega et al. 2019). Mechanisms that facilitate the transport of macroalgal carbon to the deep 

ocean include leaching of dissolved organic matter, pruning and tissue-breakage and seasonal 

partial die off and enhanced fragmentation – a common strategy for many species (Koop et 

al. 1982, Duggins et al. 1989, Krause-Jensen and Duarte 2016). More specifically, Krause-
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Jensen and Duarte (2016) proposed that macroalgae mainly are deposited at deep-sea sites by 

drifting through submarine canyons or by the sinking of negatively buoyant detritus. 

 

Large and widely distributed habitat-forming macroalgal species are dominated by brown 

algae (Phaeophyceae) in the orders Fucales (fucoids) and Laminariales (kelp) (Nelson 2020). 

Along temperate rocky shorelines fucoids typically dominate in the intertidal zone, whereas, 

kelps are more common in the subtidal zone (Chapman 1987, Lobban et al. 1994). Fucoids 

generally have slower decomposition rates than kelps because they have more structural 

tissue and secondary metabolites that may be toxic to grazers and decomposers (Lobban et al. 

1994, Lau and Qian 1997, Nagayama et al. 2002, Birkemeyer et al. 2020). Because of their 

slower decomposition, the carbon sequestered by fucoids may therefore have a higher 

likelihood of being deposited in the deep ocean compared to kelps. However, kelp species 

often have faster growth rates, are larger, and can be highly abundant, and may therefore also 

be important blue carbon sources (Duggins et al. 1989, Harrold and Lisin 1989, Krause-

Jensen and Duarte 2016). Carbon storage for specific areas of macroalgae habitat have not 

been quantified yet, but other vegetated coastal habitats contribute more per unit area to 

effective carbon storage than most terrestrial forests (Mcleod et al. 2011). A species that may 

be particularly important for future carbon storage, is the giant kelp, Macrocystis pyrifera,  

which can grow up to 30 cm per day under ideal conditions and, in New Zealand waters, 

often grow more than 15 m long (North 1987, Schiel and Foster 2015).  

 

1.5 - Study aim and thesis outline 

The purpose of this research is to provide initial information on carbon sequestration rates 

between different fucoid and kelp species inhabiting the South Island of New Zealand, in a 

context of blue carbon budgets. I therefore measured macroalgal growth rates, which are 

positively correlated with carbon sequestration (Appendix 1), under different environmental 

conditions (Laurens et al. 2020), and discuss the results in a context of future blue carbon 

capture.  In chapter 2 I describe a detailed laboratory experiment where I measured the 

growth of 14 fucoids and 3 kelp species exposed to different stress levels. More specifically, I 

measured growth in a fully crossed design with two levels of temperature, turbidity (light), 

and desiccation stress. The entire experiment was repeated in a summer and winter month to 

test if growth rates were consistent over time or if these macroalgae can acclimatize to stress 

(because ambient stress typically is higher in very warm summer months). This laboratory 
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experiment allowed me to screen a wide selection of potential candidate species for blue 

carbon sequestration, but it was done under unrealistic environmental conditions (e.g., with 

constant temperature and light:dark cycles and lacking grazers and wave action). To counter 

these limitations, I describe, in chapter 3, a field experiment conducted at three sites in 

Lyttelton Harbour. This experiment measured, under more realistic field conditions, 

macroalgal net-growth on a subset of six species, and the experiment was, again, repeated in 

both summer and winter. Finally, in chapter 4, I discuss the results from the two data chapters 

in a broader context of blue carbon sequestration and outline avenues for future research, 

management, and projects.  
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Chapter Two. Lab Experiment 

 

2.1. Introduction and hypotheses 

Carbon Dioxide (CO2) is a greenhouse gas that largely drives climate change (Bolin and 

Doos 1989). Climate change is a complex and growing global problem, causing stronger 

storms, sea-level rise, stronger flooding, more severe droughts, poleward range movements, 

species extinctions and altered community structures (Wernberg et al. 2011, Wernberg et al. 

2016a, IPCC 2019b, a, Smale et al. 2019, Straub et al. 2019, Thomsen et al. 2019). In shallow 

coastal ecosystems, macroalgae (seaweed) sequesters CO2 in their tissue through 

photosynthesis, growth and biomass accumulation (Lüning 1990, Hurd 2000, Chung et al. 

2011). Thus, the faster the growth and the larger the macroalgae, the more CO2 is stored as 

biomass. It is therefore important to identify how effective different macroalgal species are at 

growing and sequestering CO2 under different environmental conditions. Potential candidate 

species for blue carbon storage would be abundant, large, fast-growing, and have relatively 

slow decomposition rates (Smith and Foreman 1984, Duarte et al. 2017, Krause-Jensen et al. 

2018), attributes shared by many macroalgal species within the orders Fucales (fucoids) and 

Laminariales (kelp) (Steneck et al. 2002, Schiel and Foster 2006). In shallow coastal systems, 

the growth of kelp and fucoids are predominantly controlled by temperature, light, and, in the 

intertidal zone, desiccation stress (Brown 1987, Steneck et al. 2002, Schiel and Foster 2006, 

Eggert 2012, Hanelt and Figueroa 2012). However, growth rates associated with specific 

levels of light, temperature and desiccation stress are poorly described for most kelp and 

fucoid species in New Zealand.  I therefore carried out controlled laboratory experiments that 

crossed two levels of temperature, light and desiccation stress. I also repeated the experiment 

in a summer and winter month to test if responses were temporally consistent or if species 

can acclimatize to these stressors. The laboratory-based approach allowed me to compare 

growth under tightly controlled stress-levels for 14 fucoids and 3 kelp species that are 

relatively common on the South Island of New Zealand (Schiel 1990, Schiel and Hickford 

2001, Schiel 2011), and, more broadly, to discuss macroalgal traits in a context of growth and 

blue carbon. 

 

Marine heatwaves are predicted to increase in intensity and durations (Frölicher and 

Laufkötter 2018, Hobday et al. 2018, Oliver et al. 2019, Sen Gupta et al. 2020) and it is 

therefore particularly important to understand how macroalgal growth and carbon 
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sequestration will change in the near-future under higher temperature levels and if species 

can adapt to future heating. I therefore repeated the experiment in a summer and winter 

month to test if individual species acclimatize over summer to light, desiccation and 

temperature stress.  There is relatively little data in the literature about seasonal acclimation 

of macroalgae to different temperatures ((King et al. 2018), but see (Eggert and Wiencke 

2000, Flukes et al. 2015, Xiao et al. 2015)), although a plethora of studies have tested more 

generally how climate change may affect the physiology and ecology of macroalgae (Harley 

et al. 2012, Wernberg et al. 2012, Jueterbock et al. 2013).   

Here, I tested how 17 macroalgal species responded to stress associated with (a) temperature 

at 23°C (compared to 18°C), a threshold that may cause mortality in some temperate species 

(Steneck et al. 2002, Schiel and Foster 2006, Wernberg et al. 2010, Wernberg et al. 2018, 

Thomsen et al. 2019), (b) two-hour desiccation (compared to constant submergence), that is 

expected to stress subtidal species (Hoek 1982, Lüning 1990, Adams 1994, Schiel and Foster 

2006) and (c) low 40 uE  m−2 s−1 light levels (compared to 140 uE m−2 s−1) that should stress 

species across the board (Lüning 1990, Schiel and Foster 2006, Xiao et al. 2019).  Although 

fucoids and kelps generally can sustain growth at 40 uE m−2 s−1, growth is typically higher at 

140 uE m−2 s−1 (Dring et al. 1991, Lüning 1993, Lobban et al. 1994). Based on these 

treatments I hypothesized that growth rates would be lowest 

- at high temperature, particularly in the winter experiment (where species are not 

acclimatized to warm waters) and for cold-water species only found in the South 

Island of New Zealand  

- in desiccation treatments, particularly for subtidal species (Adams 1994, Nelson 

2020) 

- at lowest light levels (Lüning 1990),  

- when stressors co-occur, because resilience can be compromised through stress-

synergy (Crain et al. 2008).  

 

2.2. Methods 

2.2.1. Study species 

Laboratory-based growth rates were quantified on 14 fucoid species (Durvillaea antarctica, 

D. poha, D. willana, Hormosira banksii, Notheia anomala, Carpophyllum flexuosum, C. 

maschalocarpum, Cystophora retroflexa, C. scalaris, C. torulosa, Lansburgia quercifolia, 

Sargassum sinclairii, Marginariella boryana, Xiphophora gladiata) and 3 kelp species 
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(Undaria pinnatifida, Macrocystis pyrifera and Eklonia radiata), here - and in graphs and 

tables - ordered according to their taxonomy following Nelson (2020). Kelps and the three 

Durvillaea species have a bladed morphology, N. anomaly is finely branched and the 

remaining fucoids are coarsely branched. The 17 species were chosen because they (minus N. 

anomala) are common large canopy-forming macroalgae on the South Island of New 

Zealand. These species are also ecologically important (Schiel 1990, Zuccarello 2014, 

Thomsen and South 2019) and may be important for future targeted carbon sequestration. 

 

2.3.2. Treatments and aquaria setup 

The experiment was carried out in 18C and 23C temperature-controlled rooms, where 18C 

correspond to the average summer water temperate in Lyttelton harbour (Appendix 2-4) and 

23C to a recent heatwave in Lyttelton harbour that had detrimental impact on local 

Durvillaea populations (Thomsen et al. 2019). In each climate-controlled room, twelve clear 

aquaria (59 cm × 32 cm × 22 cm) were filled to 20 cm depth with freshly collected seawater 

from Lyttelton Harbour (pictured in appendix 5-6). All seawater was filtered with a Super 

Flow diaphragm pump (Model: SF-5246-300) and 3 filters housed in series (1: 10” Pleated 

sediment filter at 20 µm, 2: 10” Spun sediment filter at 5 µm and 3: Doulton Ceramic 

Imperial Ultracarb filter at 1 µm). Aquaria were positioned so that seaweed was 40 cm 

underneath artificial neutral light, and each aquarium received the same amount of light (with 

no external lights from the room). Light bulbs were 4Seasons XP35 COB dual LED grow 

light with passive cooling heatsinks and adjustable light intensity. Glass lenses were attached 

to each LED and the light levels were neutral to avoid confounding light treatments with 

temperature. Lights were set on a 12:12 Light-Dark cycle changing at 8 am and 8 pm. Half of 

the 12 aquaria were covered in three layers of mesh netting to limit light and simulate 

enhanced turbidity. Light levels were ca. 140 µE m−2 s−1 without mesh and 40 µE m−2 s−1 

below the mesh. Experiment were done in early spring (15-23 March 2020) and repeated in 

winter (6-14 June and 28 June to 4 July 2020). The winter experiment was split into two time 

periods because collections of some species was delayed due to bad weather. 

 

2.3.4. Tissue preparations, water exchange and biomass measurements 

Macroalgal tissue were collected from the Moeraki peninsula (Durvillaea spp. C. retroflexa, 

L. quercifolia, S. sinclairii, M. boryana, and X. gladiata) and Pile Bay in Lyttelton harbour 
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(the remaining species). Macroalgal fragments were placed in aerated seawater at a 

temperature matching the ambient temperature the macroalgae were collected from. 

Macroalgae were, the day after collection, cut into similar sized fragments (see appendix 7 

for starting weights for each species). Apical fragments of branched species were cut (within 

one gram wet weight) with a pair of scissors as done in other growth studies on branched 

algae (Pedersen et al. 2005, Thomsen et al. 2006, Mabin et al. 2019). Similar sized fragments 

from bladed species were prepared with a circular (30 mm inner diameter) ‘cookie cutter’ 

bevell-edged stainless steel corer as done in other growth experiments of bladed macroalgae 

(Fortes and Lüning 1980, Bulboa et al. 2008). After one day of wound recovery, these 

similar-sized fragments were added to the aquaria and gradually, over two days, warmed up 

to 18C and 23C. Species that were negatively buoyant were placed on top of a course mesh 

whereas positively buoyant species were placed below the mesh, so that they remained in 

place under air bubbling, without overlapping or shading each other. Desiccation treatment 

were fully crossed with the light and temperature treatments by removing all macroalgal 

fragments from half of all aquaria for two hours each day between 12 PM and 2 PM 

(Appendix 6).  Standardized wet weight was measured to nearest 0.01 g after patting each 

fragment three times with paper towels to remove excess water droplets (Pedersen et al. 

2005, Thomsen et al. 2006, Mabin et al. 2019, Endo et al. 2020). On each day of 

measurements, fragments were weighed in the same order to ensure they had similar aerial 

exposure time (and therefore similar moisture levels) between dates. The water in each 

aquarium was replaced every second day with filtered seawater (at the room’s temperature) to 

replenish nutrients and remove potential contamination from stressed tissues that were 

wilting/decaying.  Wet weights were measured on days 1 (start), day 4 and day 8 (finish) 

(Yong et al. 2013) for both the winter and summer experiment. Carpophyllum 

maschalocarpum was not collected in the summer experiment but its sample size was 

doubled for the winter experiment to obtain a balanced sample design (but I cannot, of 

course, test for seasonal impact on this species growth rate). The full experimental design 

with 2 temperature levels × 2 light levels × 2 desiccation levels × 2 seasons × 17 species × 3 

replicated aquaria, is depicted in appendix 8. 

 

2.3.5. Data analysis  

The average growth per day was calculated as the percentage of original biomass based on 

rates calculated from days 1-4, day 4-8 and day 1-8, using the growth formula of Young et al 
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(2013); [(W t  / W 0)
1/t − 1] × 100 %. Mortality was recorded as -100% growth. I conducted 

levene’s test to check homogeneity of variances and ran residual vs. fitted, normal Q-Q and 

scale- location plots to check normality assumptions. Data for Carpophyllum 

maschalocarpum were log-transformed because levene’s test was significant. I did not test 

for differences between species because the fragments from all 17 macroalgae were 

positioned within the same aquaria and are therefore not independent data.  Comparisons 

between species are instead based on graphical analysis (Thomsen and McGlathery 2007).  

Test of temperature and seasonal effects are technically pseudo-replicated because the 

aquaria were positioned in a single warm and a single cold room and only one summer and 

one winter experiment was done (Hurlbert 1984). However, these test-factors were 

nevertheless analysed like desiccation and light treatments, i.e., here treated as independent 

data. Thus, four-factorial fixed ANOVAs followed by Tukey post-hoc tests were for done for 

each of the 17 species. A few outliers that showed growth rates exceeding 30% per day were 

most likely caused by wrong data-entry or poor blotting of excess water. These data points 

were removed from analysis, because growth of this magnitude are unrealistic for large 

brown macroalgae (Xiao et al. 2019). All analysis were done in Rstudio (RStudio 2020). 

 

2.3. Results 

The three Durvillaea species were all negatively affected by high temperature (p < 0.001, 

often with 100% mortality, Fig. 2.1A-C, Table 2.2). Durvillaea antarctica had a complex 

interaction effect between season, turbidity and desiccation (p = 0.028) highlighting that 

temperature effects were constant across treatments, but growth was more context-dependent 

for the other test-factors (Fig. 2.1A). D. poha also had a significant temperature × desiccation 

interaction (p = 0.043) demonstrating stronger negative effects of high temperature under 

constant submerge (Fig. 2.1B). By comparison, D. willana had significant but complex 

season × turbidity (p < 0.034) and season × temperature × turbidity (p = 0.0297) interactions 

but with no clear direction in growth patterns between stress levels (Fig. 2.1C). 

 

Hormosira banksii was the only species without any significant results, generally having 

positive, albeit low, growth across the different stress treatments (Fig. 2.1D). Notheia 

anomala (p = 0.003, Fig. 2.1E), Cystophora scalaris (p = 0.044, Fig. 2.1I) and C. torulosa (p 

= 0.038, Fig. 2.1J) all had reduced growth under desiccation stress only (Table 2.2). Growth 
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of Carpophyllum maschalocarpum was also reduced by desiccation (p = 0.007, Fig. 2.1G, 

Table 2.2) but also had a significant season × temperature effect (p = 0.011).  

C. flexuosum had a complex significant season × temperature effect (p = 0.007) suggesting 

that the impact of temperature varied between the two experiments (Fig. 2.1F). Cystophora 

retroflexa was only affected by season, with lower growth in the winter experiment (p = 

<0.001, Fig. 2.1H, Table 2.2).  

 

Landsburgia quercifolia had relatively large and positive growth rates (Fig 2.1K) with many 

complex interactions, including between season × temperature (p = 0.045), temperature × 

turbidity (p = 0.009), temperature × desiccation (p = 0.004) and season × turbidity × 

desiccation, suggesting that growth is highly context-dependent.  Sargassum sinclairii had, in 

addition to single factor effects of temperature (p = 0.011) and desiccation (p < 0.001), also a 

significant temperature × desiccation interaction (p = 0.002), suggesting that growth was 

negatively affected by high temperature when also exposed to desiccation stress (Fig. 2.1L). 

Marginariella boryana had a significant effect of season (p = 0.025) and a season × 

temperature interaction (p = 0.019), suggesting that growth was negatively affected by high 

temperature but only in the winter experiment (Fig. 2.1M). Xiphophora gladiata was, like M. 

boryana significantly affected by season (p = 0.002) and had a season × temperature 

interaction (p < 0.001), but also had a significant single-factor temperature effect (p < 0.001). 

More specifically, growth of X. gladiata was severely and negatively affected by high 

temperature, but, in contrast to M. boryana, more so in the summer experiment (Fig. 2.1N).  

 

Undaria pinnatifida was negatively affected by desiccation (p < 0.001) and high temperature 

(p = 0.006) but also had significant season × temperature interactions (p = 0.009), 

temperature × desiccation (p = 0.019) and complex high-order season × temperature × 

desiccation (p = 0.008) effects, highlighting that the single factor effects were context 

dependent (Fig. 2.1O).  Macrocystis pyrifera growth was negatively affected by high 

temperature (p < 0.001) and had higher growth in summer than winter (p < 0.001) although 

the seasonal effect varied with desiccation stress (pseason×descisation = 0.015, Fig. 2.1P).  

Finally, Eklonia radiata had significant single factor effects for season (p = 0.036), 

desiccation (p < 0.001) and temperature (p = 0.005), although interpretations were 

complicated by significant season × temperature (p = 0.038), season × desiccation (p = 0.021) 

and temperature × desiccation (p = 0.001) interactions.  Overall, growth of E. radiata was 
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particularly inhibited in the cold desiccated winter treatments as well as the warm desiccation 

treatment (Fig. 2.1Q, Table 2.2).  

 

2.4. Discussion 

In total, 459 of the measured fragments had positive growth, 218 had negative growth and 

141 suffered mortality. Mean growth rates for each species are shown in figure 2.2, where 

macroalgae would double in size after 35 days at a 2% growth rate d-1 and 19 days at 3% d-1. 

Here I discuss the growth rate results of each species in the context of their ecology and 

assess the impact across species of each test-factor. 

 

2.4.1. Durvillaea spp.  

Durvillaea antarctica is, like the other Durvillaea species, one of the largest macroalgae in 

New Zealand (Nelson 2020). D. antarctica dominate in rocky areas of high wave exposure 

(South and Hay 1979, Taylor and Schiel 2003) and lower temperatures in the South Island of 

New Zealand (Naylor 1953, Schiel and Hickford 2001, Shears and Babcock 2007, Nelson 

2020). The impact of temperature on D. antarctica growth was strongly significant, 

suggesting that 23°C is above D. antarctica’s thermal tolerance. Thomsen et al. (2019) 

showed that a heatwave in Lyttelton harbour caused temperature to rise to >23°C resulting in 

local extinction of Durvillaea spp. In concert, the field observations and my lab experiment 

suggest that temperatures above 23°C cause mortality in Durvillaea spp. particularly at more 

sheltered sites (Moore and Seed 1985). Durvillaea poha was first described in 2012 as a 

distinct species from D. antarctica (Fraser et al. 2012). D. poha is a buoyant species which 

allows for long-distance dispersal of drifting individuals, whereas attached individuals are 

restricted to intertidal rocky shores (Fraser et al. 2020).  D. poha, like D. antarctica, suffered 

almost complete mortality at 23°C. Both D. poha and D. antarctica had a significant 

interaction effect where the effect of desiccation increased the negative impact of high 

temperature as suggested in previous studies (Straub et al. 2019, Thomsen et al. 2019). 

Durvillaea willana is found as far north as the Wairarapa coast and as far south as Stewart 

Island and is typically found in the shallow subtidal zone, below the two intertidal D. 

antarctica and  D. poha species (Schiel and Hickford 2001, Shears and Babcock 2007, Hay 

2020). Hay (1977) documented that D. willana is only present in areas of high wave action 

and that individual plants can reach up to 40 kg. Here I found that D. willana suffered almost 

complete mortality at 23°C. Surprisingly, D. willana growth was not affected by desiccation, 
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despite D. willana being predominantly subtidal (Nelson 2020). Given the impact of 

temperature on Durvillaea spp. growth and mortality, any blue carbon contribution from 

Durvillaea spp. will likely be limited by future heatwaves above 23°C. Temperatures above 

23°C have already been recorded in Lyttelton harbour (Thomsen et al 2019), but it remains 

unknown if or when these temperatures will occur on open, well-mixed coastlines in the 

South Island. 

 

2.4.2 Hormosira banksii and its epiphyte Notheia anomala 

Hormosira banksii is a common intertidal species, dominating the majority of New Zealand’s 

rocky and sheltered midlittoral tidal zones (Osborn 1948, Bergquist 1959, Choat and Schiel 

1982, Schiel 1990, Nelson 2020). H. banksii is therefore regularly exposed to desiccation 

(Schiel and Taylor 1999). I found, in support of its intertidal distribution, that H. banksii was 

more resilient to temperature and desiccation stress compared to other species, typically 

having positive (albeit low) growth rates across treatments. Kain (2015) found that H. banksii 

could tolerate water temperatures of up to 40°C and was extremely resilient to temperature 

and desiccation. H. banksii could be a significant blue carbon source because it is widely 

distributed and will likely be resistant to higher stress in a future warmer world. Notheia 

anomala is an obligate epiphyte on Hormosira banksii (Gibson and Clayton 1987). However, 

despite being dependent on H. banksii as a host, this species was strongly inhibited by 

desiccation (Contreras-Porcia et al. 2017). Still, my results support previous distribution data 

which suggests that N. anomala is most abundant on hosts found in the lower intertidal zone 

and in tide pools (Hallam et al. 1980, Thomsen et al. 2016a, Thomsen et al. 2020). 

 

2.4.3. Carpophyllum spp. 

Carpophyllum flexuosum is a subtidal species adapted to low light and high turbidity 

environments (Blain and Shears 2020). There are few significant results for C. flexuosum, 

suggesting that this species is resilient to high temperature. Surprisingly, desiccation did not 

affect the growth of C. flexuosum, even though it is a subtidal species (Nelson 2020). C. 

flexuosum may not be adversely impacted by near-future ocean warming because it did not 

have lower growth rates in the high-temperature treatment. Growth of C. maschalocarpum 

was only measured in winter and seasonal effects could therefore not be evaluated for this 

species. C. maschalocarpum is a common canopy-forming species in the shallow subtidal 

zone (Schiel 1988, 1990, Schiel and Hickford 2001, Shears and Babcock 2007), a distribution 
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that matches my findings that this species was stressed by desiccation. C. maschalocarpum 

may be relatively resilient to future heatwaves because it was not affected by temperature in 

my experiment.  

 

2.4.4. Cystophora spp. 

Cystophora scalaris is an abundant species in the low intertidal to shallow subtidal zone 

(Womersley 1964, Rasmussen 1965, Schiel 1990). C. scalaris is also found in higher 

abundance in sheltered areas with low wave exposure (Dunmore 2006). Given that C. 

scalaris is an intertidal species it was somewhat surprising that growth was inhibited by 

desiccation. However, C. scalaris is more common in rockpools where desiccation stress is 

absent (Hay 1984). C. torulosa is generally the most abundant Cystophora species and can be 

a dominant habitat-forming species on rocky coasts in the lower intertidal zone of the South 

Island (Hay 1984, Schiel 2006, Shears and Babcock 2007). C. torulosa had a relatively 

similar result as C. scalaris, i.e., desiccation was the only factor that reduced growth. 

Rasmussen (1965) showed that C. torulosa is typically distributed higher intertidally than C. 

scalaris so it is unusual that they were impacted equally by desiccation. Lilley and Schiel 

(2006) also suggest C. torulosa responds negatively to desiccation, experiencing die back in 

summer given desiccation stress. A negative impact of temperature on C. torulosa germlings 

at 18°C has previously been described (Alestra and Schiel 2015). C. retroflexa had only 

reduced growth across seasons. Edgar (1983) noted that while C. retroflexa grew 

continuously thought-out the year, it had slightly negative growth rates in winter. This 

finding supports my results and suggests C. retroflexa has modest growth rates in cooler 

months. 

 

2.4.5. Landsburgia quercifolia 

Landsburgia quercifolia is a common subtidal species, found throughout New Zealand, 

predominantly between 3-7 m (Wood 1949, Schiel 1990, Shears and Babcock 2007, 

Desmond et al. 2018). Desmond et al. (2018) showed that L. quercifolia, together with six 

other smaller canopy-forming macroalga formed >60% of biomass in a South Island M. 

pyrifera kelp forest. L. quercifolia had the highest growth overall of the 17 test-species, and 

also had most statistically significant results. L. quercifolia is a subtidal species that, in my 

experiment, was strongly inhibited by desiccation (Nelson 2020). Temperature also reduced 

growth of L. quercifolia, although it still had positive growth at 23°C. There are few 
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published growth studies on L. quercifolia, but Desmond et al. (2017) found it had higher 

productivity at 10 than 2 m depth, supporting my findings that L. quercifolia is tolerant to 

low light levels. Given the overall high growth of L. quercifolia and its resilience to stressors 

(including future heatwaves), this species may be an important future blue carbon 

contributor. However, despite the high growth rates quantified here, L. quercifolia is not a 

dominant habitat-former compared to kelps like E. radiata and M. pyrifera (Wood 1949, 

Schiel and Choat 1980, Choat and Schiel 1982, Nelson 2020). The reason L. quercifolia is 

not more abundant despite its high growth under various stressors remains unknown. 

 

2.4.6. Sargassum sinclairii and Marginariella boryana  

Sargassum sinclairii is a common subtidal species (Shears and Babcock 2007, Desmond 

2017, Nelson 2020) supporting my results that this species was negatively affected by 

desiccation. Sargassum sinclairii is one of few macroalgae species that can complete its 

lifecycle without a holdfast in drifting populations (Kingsford 1992). Larger amounts of free-

floating S. sinclairii can be found in summer months providing circumstantial evidence that 

S. sinclairii is more stressed in summer (Kingsford 1992).  Negative impact of desiccation 

and temperature on S. sinclairii growth suggests this species may be negatively impacted by 

future marine heatwaves and thereby reduce its blue carbon contribution. S. sinclairii, like 

other subtidal fucoids, is typically less abundant than kelps (in particular M. pyrifera and E. 

radiata), but is nevertheless widespread (Schiel 1985, Schiel and Hickford 2001, Shears and 

Babcock 2007). Another subtidal species, Marginariella boryana is also common across New 

Zealand and has been found to be dominant near Kaikoura in exposed areas (Schiel and 

Hickford 2001, Nelson 2020).  M. boryana had significantly negative growth rates at 23°C 

(but only in the winter experiment) suggesting that future heatwaves may be detrimental to 

this species (Frölicher and Laufkötter 2018, Hobday et al. 2018, Oliver et al. 2019, Sen Gupta 

et al. 2020).  

 

2.4.7. Xiphophora gladiata 

Xiphophora gladiata experienced high mortality at 23°C, with a stronger effect in the winter 

experiment, an important season where they are reproductive (Hay 1984). This suggests there 

is seasonal acclimation to temperature by X. gladiata. X. gladiata is a relatively small 

fucoids, typically growing to 15-30 cm (Gillanders and Brown 1994). Furthermore, 

populations of this species are typically found as scattered individuals and it is therefore 
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unlikely to be an important carbon stock (Rice 1987, Schiel and Hickford 2001, Nelson 

2020). Because of limited subtidal monitoring of X. gladiata, impacts from heatwaves are 

unknown.  However, I found that X. gladiata was inhibited at 23°C (but largely unaffected by 

the other treatments at 18°C) so X. gladiata may be susceptible to future heatwaves.  

 

2.4.8. Undaria pinnatifida 

Undaria pinnatifida is an introduced species that was found in New Zealand for the first time 

in 1987 (Hay and Luckens 1987). Today, U. pinnatifida is found throughout most of New 

Zealand as a highly successful invader (Shears and Babcock 2007, South and Thomsen 2016, 

De Leij et al. 2017, South et al. 2017). U. pinnatifida has high growth rates (Stuart et al. 

1999, Thornber et al. 2004, Schiel and Thompson 2012), an extensive distribution (Schiel and 

Thompson 2012) and a high turnover (Tait et al. 2015), and may therefore be an important 

blue carbon source.  It is unknown what proportion (if any) of this carbon is stored in deeper 

waters and what proportion is recycled in the near-shore habitats. U. pinnatifida was expected 

to have large thermal tolerance because it is found in the warmer northern parts of New 

Zealand (South et al. 2017).  However, I documented a strong negative impact on growth at 

23°C, which therefore may be this species thermal tolerance (although other studies have 

suggested much large thermal tolerance range between 13.5–29.5°C (James et al. 2015)). 

Stronger marine heatwaves may therefore reduce the invasion potential of U. pinnatifida. 

Epstein and Smale (2018) argued that more studies are needed to predict U. pinnatifida 

invasion potential based on temperature gradients. My results suggests that 23°C is 

significant stress for adult U. pinnatifida, whereas Epstein and Smale (2017) suggest the 

microscopic gametophyte stage of U. pinnatifida has a higher thermal tolerance, allowing the 

microscopic life stage to survive high summer temperatures.  

 

2.4.9. Macrocystis pyrifera 

Macrocystis pyrifera is an abundant kelp along temperate coastlines south of the Wellington 

region in New Zealand and along temperate coastlines of the east Pacific (Schiel and 

Hickford 2001, Graham et al. 2007, Schiel and Foster 2015. M. pyrifera has a large size, high 

growth and high form-function plasticity (Schiel and Hickford 2001, Graham et al. 2007, 

Schiel and Foster 2015). Furthermore, M. pyrifera can grow more than 30 cm per day under 

ideal conditions and is the largest macroalga in the world (Cribb 1954, Abbott and 

Hollenberg 1976, North 1987, Graham et al. 2007, Schiel and Foster 2015). M. pyrifera can 
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grow to be more than 30 m long in California whereas most plants in New Zealand are only 

between 5-10 m long, because growth is typically limited by low light availability, high 

turbidity, sedimentation and sometimes lack of suitable substrates (Kain 1982, Brown et al. 

1997). Given its large size and potential for rapid growth, M. pyrifera could be important in 

future blue carbon farming. Sánchez‐Barredo et al. (2020) and Mabin et al. (2019) found that 

M. pyrifera was stressed at 22°C and 18°C temperature levels, respectively, aligning with my 

results showing strong stress at 23°C and low growth at 18°C. Mabin et al. (2019) also 

suggested that ideal light conditions can reduce the impact of temperature stress, although I 

found no such effect in my light treatments (Dean and Jacobsen 1984, Graham et al. 2007). 

The optimal temperature for growth (and carbon sequestration) has previously been shown to 

be between 12-18°C (Graham et al. 2007, Schiel and Foster 2015, Mabin et al. 2019) so the 

18°C temperature treatment in my experiment, would likely have limited growth. 

 

2.4.10. Eklonia radiata  

Eklonia radiata is a common canopy-forming subtidal macroalga (Schiel and Hickford 2001, 

Shears and Babcock 2007, Wernberg et al. 2019, Nelson 2020). E. radiata is widely 

distributed on temperate rocky coastlines in Australasia and this species may represent a 

substantial blue carbon contribution (Bennett et al. 2016). Here, I found an interaction 

between season and temperature, suggesting that growth was reduced in winter at the high 

temperature. Unsurprisingly, being a subtidal species, desiccation also reduced growth, 

causing mortality in some cases. Steinberg (1995) suggests that E. radiata growth rates are 

highest in spring and although E. radiata can tolerate temperature between 8-24°C, growth 

appears to be optimal between 12-20°C (Novaczek 1984, Akatsuka 1994).  

 

2.4.11. Impact of turbidity across species   

In contrast to my hypothesis, shading did not, in isolation, decrease growth. The lack of low 

light effects might be because most kelp and fucoid species can still grow at 40 uE m-2 s-1. To 

detect light limitation, the experiment could instead have included even lower light levels 

and/or to run for longer time periods (Dring et al. 1991, Lüning 1993, Lobban et al. 1994). 

Nevertheless, I found a few significant interaction effects involving turbidity for L. 

quercifolia (Temperature × Turbidity), D. antartica (Temperature × Turbidity × Desiccation) 

and D. willana (Season × Turbidity, Season × Temperature × Turbidity). Desmond et al. 

(2017) found L. quercifolia had higher productivity at 10 m, (i.e. with low light levels) 
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compared to 2 m depth where water temperatures was 12°C. Therefore, it is not surprising 

low light and temperature resulted in relatively high L. quercifolia growth. However, the 

ecological basis for how turbidity contribute to complex interaction terms for D. antartica 

and D. willana is unknown. 

 

2.4.12. Impact of season across species   

Seasonal acclimation to temperature stress is common in many macroalgal species (Davison 

1987, Kübler and Davison 1993, Eggert et al. 2003, Atkinson et al. 2020).  In my experiment 

the growth of M. pyrifera, C. retroflexa, X. gladiata, M. boryana and E. radiata were affected 

by season, suggesting that these species acclimatise over time to temperature stress, and 

potentially, therefore, may build resilience to heatwaves. In each case, growth was more 

limited at 23°C in the winter compared to the summer experiment. However, it is extremely 

unlikely that macroalgae over winter will experience temperatures of 23°C (Appendix 2-4). 

More specifically, a heatwave exceeding 2°C above-average temperatures in summer is more 

likely to be detrimental compared to a winter heatwave of similar magnitude because the 

summer temperature will be closer to each species thermal maxima (Wernberg et al. 2011, 

Straub et al. 2019, Atkinson et al. 2020).  

 

2.4.13. Impact of desiccation across species  

Desiccation reduced growth for L. quercifolia, C. torulosa, C. scalaris, S. sinclairii, C. 

maschalocarpum, N. anomala, U. pinnatifida, E. radiata and M. pyrifera (for the latter 

species mainly so in the winter experiment). Most of these species are more common in the 

low intertidal to shallow subtidal zone (minus N. anomala and C. torulosa) (Schiel and 

Hickford 2001, Graham et al. 2007, Shears and Babcock 2007, Flores-Molina et al. 2014, 

Contreras-Porcia et al. 2017) and the growth data thereby support the species distribution 

pattern. Furthermore, N. anomala is most abundant on its host H. banksii in the lower 

intertidal zone and in tide pools, so the lack of tolerance to desiccation of this ‘intertidal’ 

species is not surprising (Hallam et al. 1980, Thomsen et al. 2016a, Thomsen et al. 2020).  

Interestingly, the subtidal C. flexuosum and M. boryana (Nelson 2020) were not affected by 

desiccation and this unexpected stress-resistance should be verified in future studies.  

 



   
 

 
 

24 

2.4.14. Impact of temperature across species 

Different macroalgal species have different thermal maxima (Lobban et al. 1994, Schiel and 

Hickford 2001, Shears and Babcock 2007, Harley et al. 2012, Wilson et al. 2015). Many 

fucoids species (H. banksii, C. retroflexa, C. torulosa, C. scalaris, M. boryana, C. 

maschalocarpum, C. flexuosum and N. anomala) did not respond significantly to a 

temperature of 23°C and as a result, are less at risk given the predicted increase in future 

marine heatwaves (Oliver et al. 2018). Species that are found at higher latitudes are more 

likely to have a higher thermal tolerance (Bereiter et al. 2018, Martínez et al. 2018). All the 

species that did not respond to temperature inhabit latitudes from Stewart Island to the most 

northern part of the North Island (minus Marginariella boryana and C. scalaris which are 

only found in the southern North Island), which suggests they should be temperature tolerant 

(Nelson 2020). By comparison, all kelp and Durvillaea species had significantly reduced 

growth at 23°C. The kelp and Durvillaea species (minus E. radiata and D. antartica) occur 

south of the Cook Straight, which implies that these species are less resilient to temperature 

stress (Bereiter et al. 2018, Martínez et al. 2018, Nelson 2020). 

 

2.4.15. Study imitations 

Mortality was here recorded as a negative 100% growth rate, even in cases where the 

macroalgae still had (decomposing and disintegrating) biomass, a necessity to distinguish 

between mortality and smaller negative growth rates associated with fragmentation. 

Consequently, species that had individual tissue with -100% growth also had low average 

growth rates. However, mortality is an important result because it highlights what species are 

most stress-limited and, by comparison, what species were resilient to stress. More 

importantly, growth for bladed macroalgal species is likely to be underestimated because, 

like many other researchers (Davison 1987, Cronin and Hay 1996, Dean and Hurd 2007), 

growth was here measured on cut-out tissue sections. Unfortunately, it is complicated to do 

laboratory growth experiments on entire kelp or bull-kelp individuals, which would require 

large-scale mesocosm facilities that was unavailable here (for examples, see (Smit et al. 

1996, Pavia and Toth 2000, Gao et al. 2013)). Still, even if growth is under-estimated for 

bladed species, their responses to the different stressors should be representative (Baweja et 

al. 2009, Mabin et al. 2013). Furthermore, tissue of each species should ideally be in separate 

aquaria, but this was not possible, because of logistic constraints. Growth could also have 
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been measured over a longer time period and started later as wound responses (after cutting) 

may, for some species, take longer than 1-2 days (Ugarte et al. 2006, Mac Monagail et al. 

2017, Gendron et al. 2018). Furthermore, temperature treatments should ideally have been 

randomly allocated to individual aquaria, for example using aquaria heaters (Höffle et al. 

2012) instead of being done in two climate-controlled rooms. Finally, species should ideally 

have been collected from same site (instead of from Moeraki and Pile bay) because species 

may respond differently to stress because they were collected from sites at different latitudes 

(Pielou 1977, Huovinen and Gómez 2012). However, this was simply possible because all 17 

species are almost impossible to find on a single location (Wood 1949, Rice 1987, Schiel 

1990, Schiel and Hickford 2001, Shears and Babcock 2007, Desmond et al. 2018, Nelson 

2020). 

 

2.4.16. Conclusion 

In summary, I found that the three Durvillaea and three kelp species, i.e., including 

Macrocystis pyrifera, were strongly inhibited at 23°C, that Hormosira banksii was the most 

resilient species across all stressors, and that Landsburgia quercifolia generally had the 

highest growth. Furthermore, from the summer experiment, I found evidence that several 

species can acclimatize seasonally to temperature stress. Given the predicted increase in 

marine heatwaves (Oliver et al. 2018), I  suggest that many fucoids and kelp species will 

suffer from increased temperature stress, and therefore also reduce their potential blue carbon 

contribution. Instead, species more resilient to high temperatures, like L. quercifolia, M. 

boryana, and C. maschalocarpum, will contribute more to future blue carbon sequestration.
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2.5. Figures  

Fig. 2.1. Mean growth rate (± SE, n = 3) of 17 macroalgal speices at two levels of 

temperatures (18C, 23C), seasons (winter, summer), desiccation (none, two hours) and 

turbidity (40, 140 µE m-2 s-1). Tu = Turbidity, No Des = No Desiccation, 2HR Des = Two 

hour Desiccation, S = Summer, W = Winter. There are no C. maschalocarpum summer data. 

 

A - Durvillaea antarctica

D - Homosira banksiiC - Durvillaea willana

B - Durvillaea poha

F - Carpophyllum flexuosumE - Notheia anomala
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J - Cystophora torulosaI - Cystophora scalaris

H - Cystophora retroflexa

L - Sargassum sinclairiiK - Landsburgia quercifolia
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G - Carpophyllum maschalocarpum
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M - Marginariella boryana

P - Macrocystis pyrifera O - Undaria pinnatifida

N - Xiphophora gladiata

Q - Eklonia radiata 
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Fig 2.2. Mean growth rates (± SE, n = 12) of 17 macroalgal species at two temperature levels (pooling across desiccation, turbidity and seasonal 

treatments).  Species are coded with the first letter corresponding to the first letter of their genus name and the next three letters are the first three of 

their species name. E.g. Cflex = Carpophyllum flexuosum.  See Fig. 2.1. for species details.
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2.6. Tables 

Table 2.1.  Temperature measured with 2 (in summer) and 8 (in winter) Hobo pendant 

loggers recording every 20 minutes in two temperature-controlled rooms.  Loggers were 

positioned both within (water) and outside (air) aquaria.   

 

Room Medium Mean  

Temp  

(°C ) 

Standard 

deviation 

Max. 

Temp 

(°C ) 

Min.  

temp 

 (°C ) 

Summer: 18°C Water  16.5 0.9 28.2 14.8 

Summer: 23°C Water  23.2 0.6 26.3 20.2 

Winter 1: 18°C Water 17.6 0.5 19.2 16.7 

Winter 1: 23°C Water 23.5 1.1 27.8 21.4 

Winter 2: 18°C Water 18.5 0.4 19.2 16.2 

Winter 2: 23°C Water 24.3 1.0 28.3 21.4 

Winter 1: 18°C Air 19.0 1.0 21.1 17.3 

Winter 1: 23°C Air 24.3 1.5 28.5 21.4 

Winter 2: 18°C Air 18.6 0.7 22.4 16.3 

Winter 2: 23°C Air 25.2 0.9 28.9 21.0 
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Table 2.2. Fixed four-factorial ANOVAs, testing for effects of season, temperature, turbidity 

and desiccation on 17 macroalgal species.  Significant results (p< 0.05) are highlighted in 

bold. 

Response  Sources of Variation MS F p 

A. D. antartica Season 1147 0.919 0.345 

 
Temperature 53302 42.698 <0.001 

 
Turbidity 2213 1.773 0.192 

 
Desiccation 3403 2.726 0.109 

 
Season × Temperature 390 0.313 0.580 

 
Season × Turbidity 135 0.108 0.744 

 
Temperature × Turbidity 480 0.384 0.540 

 
Season × Desiccation 1368 1.096 0.303 

 
Temperature × Desiccation 3335 2.671 0.112 

 
Turbidity × Desiccation 1748 1.4 0.245 

 
Sea × Temp × Turb 96 0.077 0.784 

 
Sea × Temp × Des 996 0.798 0.378 

 
Sea × Turb × Des 322 0.258 0.615 

 
Temp × Turb × Des 6654 5.33 0.028 

 
Sea × Temp × Turb × Des 2598 2.081 0.159 

  Residuals 1248 
  

B. D. poha Season 1932 2.078 0.159 

 
Temperature 81824 88.009 <0.001 

 
Turbidity 82 0.089 0.768 

 
Desiccation 1960 2.108 0.156 

 
Season × Temperature 121 0.131 0.72 

 
Season × Turbidity 16 0.017 0.898 

 
Temperature × Turbidity 1209 1.3 0.263 

 
Season × Desiccation 1738 1.87 0.181 

 
Temperature × Desiccation 4130 4.442 0.043 

 
Turbidity × Desiccation 28 0.03 0.864 

 
Sea × Temp × Turb 187 0.201 0.657 

 
Sea × Temp × Des 176 0.189 0.666 

 
Sea × Turb × Des 143 0.153 0.698 
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Temp × Turb × Des 1490 1.602 0.215 

 
Sea × Temp × Turb × Des 470 0.505 0.482 

  Residuals 930 
  

C. D. willana Season 541 0.895 0.3511 

 
Temperature 86906 143.759 <0.001 

 
Turbidity 1008 1.668 0.2058 

 
Desiccation 535 0.885 0.3537 

 
Season × Temperature 1001 1.656 0.2074 

 
Season × Turbidity 2973 4.918 0.0338 

 
Temperature × Turbidity 536 0.887 0.3534 

 
Season × Desiccation 151 0.25 0.6205 

 
Temperature × Desiccation 1335 2.208 0.1471 

 
Turbidity × Desiccation 45 0.075 0.7862 

 
Sea × Temp × Turb 3131 5.179 0.0297 

 
Sea × Temp × Des 67 0.111 0.7409 

 
Sea × Turb × Des 560 0.927 0.3429 

 
Temp × Turb × Des 7 0.011 0.9155 

 
Sea × Temp × Turb × Des 1296 2.143 0.1529 

  Residuals 605 
  

D. H. banksii Season 256.6 1.038 0.316 

 
Temperature 424.2 1.716 0.200 

 
Turbidity 139.4 0.564 0.458 

 
Desiccation 214.5 0.867 0.359 

 
Season × Temperature 602.2 2.436 0.128 

 
Season × Turbidity 420.6 1.701 0.201 

 
Temperature × Turbidity 137.9 0.558 0.461 

 
Season × Desiccation 297.7 1.204 0.281 

 
Temperature × Desiccation 128.8 0.521 0.476 

 
Turbidity × Desiccation 122.7 0.496 0.486 

 
Sea × Temp × Turb 36.7 0.148 0.703 

 
Sea × Temp × Des 209.1 0.846 0.365 

 
Sea × Turb × Des 141.5 0.572 0.455 

 
Temp × Turb × Des 376.4 1.523 0.226 
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Sea × Temp × Turb × Des 29.9 0.121 0.73 

  Residuals 247.2 
  

E. N. anomala Season 43 0.055 0.816 

 
Temperature 730 0.933 0.341 

 
Turbidity 223 0.285 0.597 

 
Desiccation 8169 10.439 0.003 

 
Season × Temperature 1165 1.489 0.231 

 
Season × Turbidity 412 0.527 0.473 

 
Temperature × Turbidity 1425 1.821 0.187 

 
Season × Desiccation 47 0.06 0.807 

 
Temperature × Desiccation 964 1.232 0.275 

 
Turbidity × Desiccation 0 0 0.983 

 
Sea × Temp × Turb 1013 1.295 0.264 

 
Sea × Temp × Des 923 1.18 0.285 

 
Sea × Turb × Des 57 0.072 0.790 

 
Temp × Turb × Des 1751 2.237 0.145 

 
Sea × Temp × Turb × Des 650 0.831 0.369 

  Residuals 783 
  

F. C. flexuosum Season 0.4 0.002 0.969 

 
Temperature 330.4 1.355 0.253 

 
Turbidity 512.2 2.1 0.157 

 
Desiccation 569.6 2.335 0.136 

 
Season × Temperature 1763.1 7.229 0.011 

 
Season × Turbidity 55.4 0.227 0.637 

 
Temperature × Turbidity 101.4 0.416 0.524 

 
Season × Desiccation 32.3 0.132 0.718 

 
Temperature × Desiccation 133.5 0.547 0.465 

 
Turbidity × Desiccation 237.1 0.972 0.332 

 
Sea × Temp × Turb 508.6 2.085 0.158 

 
Sea × Temp × Des 799.8 3.279 0.080 

 
Sea × Turb × Des 7.6 0.031 0.861 

 
Temp × Turb × Des 318.9 1.308 0.261 

 
Sea × Temp × Turb × Des 941.5 3.86 0.058 
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  Residuals 243.9 
  

G. C. 

maschalocarpum Season 0.4 0.002 0.969 

 
Temperature 1470 2.223 0.144 

 
Turbidity 891 1.348 0.252 

 
Desiccation 5327 8.057 0.007 

 
Temperature × Turbidity 302 0.457 0.503 

 
Temperature × Desiccation 27 0.041 0.841 

 
Turbidity × Desiccation 1322 1.999 0.165 

 
Temp × Turb × Des 782 1.182 0.283 

  Residuals 661 
  

H. C. retroflexa Season 2713.8 32.596 <0.001 

 
Temperature 3.2 0.038 0.845 

 
Turbidity 125.7 1.510 0.228 

 
Desiccation 35.5 0.427 0.518 

 
Season × Temperature 1.6 0.019 0.891 

 
Season × Turbidity 49.6 0.596 0.446 

 
Temperature × Turbidity 15.4 0.184 0.671 

 
Season × Desiccation 192.9 2.318 0.138 

 
Temperature × Desiccation 88.5 1.063 0.310 

 
Turbidity × Desiccation 303.5 3.645 0.065 

 
Sea × Temp × Turb 15.4 0.186 0.670 

 
Sea × Temp × Des 0.1 0.002 0.967 

 
Sea × Turb × Des 197.7 2.375 0.133 

 
Temp × Turb × Des 98.3 1.181 0.285 

 
Sea × Temp × Turb × Des 207.1 2.487 0.125 

  Residuals 83.3 
  

I. C. scalaris Season 798.7 3.094 0.088 

 
Temperature 201.5 0.781 0.384 

 
Turbidity 12.7 0.049 0.826 

 
Desiccation 1132.7 4.388 0.044 

 
Season × Temperature 645.6 2.501 0.124 

 
Season × Turbidity 133 0.515 0.478 
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Temperature × Turbidity 0.8 0.003 0.956 

 
Season × Desiccation 50.4 0.195 0.662 

 
Temperature × Desiccation 264.9 1.026 0.319 

 
Turbidity × Desiccation 21.1 0.082 0.777 

 
Sea × Temp × Turb 291.9 1.131 0.296 

 
Sea × Temp × Des 455.7 1.765 0.193 

 
Sea × Turb × Des 460.4 1.784 0.191 

 
Temp × Turb × Des 246.9 0.956 0.336 

 
Sea × Temp × Turb × Des 42.4 0.164 0.688 

  Residuals 258.2 
  

J. C. torulosa Season 2548 3.788 0.060 

 
Temperature 46 0.069 0.795 

 
Turbidity 344 0.512 0.480 

 
Desiccation 3169 4.711 0.038 

 
Season × Temperature 83 0.123 0.728 

 
Season × Turbidity 5 0.008 0.930 

 
Temperature × Turbidity 322 0.478 0.494 

 
Season × Desiccation 2023 3.008 0.093 

 
Temperature × Desiccation 262 0.39 0.537 

 
Turbidity × Desiccation 190 0.282 0.599 

 
Sea × Temp × Turb 79 0.118 0.734 

 
Sea × Temp × Des 206 0.307 0.584 

 
Sea × Turb × Des 24 0.035 0.852 

 
Temp × Turb × Des 291 0.432 0.516 

 
Sea × Temp × Turb × Des 119 0.178 0.676 

  Residuals 673 
  

K. L. quercifolia  Season 30.8 0.654 0.425 

 
Temperature 488.8 10.362 0.003 

 
Turbidity 194.5 4.122 0.051 

 
Desiccation 619.1 13.123 <0.001 

 
Season × Temperature 205.8 4.362 0.045 

 
Season × Turbidity 2.2 0.047 0.830 

 
Temperature × Turbidity 362.2 7.677 0.009 
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Season × Desiccation 178.5 3.783 0.061 

 
Temperature × Desiccation 455 9.646 0.004 

 
Turbidity × Desiccation 141.9 3.008 0.092 

 
Sea × Temp × Turb 20.3 0.43 0.517 

 
Sea × Temp × Des 263.9 5.595 0.024 

 
Sea × Turb × Des 118 2.501 0.124 

 
Temp × Turb × Des 4.1 0.086 0.771 

 
Sea × Temp × Turb × Des 98.7 2.092 0.158 

  Residuals 243.9 
  

L. S. sinclairii Season 112 1.332 0.257 

 
Temperature 609 7.249 0.011 

 
Turbidity 13 0.158 0.693 

 
Desiccation 3327 39.598 <0.001 

 
Season × Temperature 126 1.497 0.230 

 
Season × Turbidity 20 0.243 0.625 

 
Temperature × Turbidity 4 0.044 0.836 

 
Season × Desiccation 20 0.233 0.632 

 
Temperature × Desiccation 998 11.881 0.002 

 
Turbidity × Desiccation 33 0.389 0.537 

 
Sea × Temp × Turb 25 0.292 0.593 

 
Sea × Temp × Des 352 4.192 0.049 

 
Sea × Turb × Des 50 0.593 0.447 

 
Temp × Turb × Des 18 0.209 0.650 

 
Sea × Temp × Turb × Des 154 1.837 0.185 

  Residuals 84 
  

M. M. boryana Season 4700 5.533 0.025 

 
Temperature 3025 3.561 0.068 

 
Turbidity 7 0.008 0.929 

 
Desiccation 20 0.024 0.878 

 
Season × Temperature 5203 6.125 0.019 

 
Season × Turbidity 40 0.047 0.830 

 
Temperature × Turbidity 38 0.045 0.834 

 
Season × Desiccation 10 0.011 0.916 
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Temperature × Desiccation 1 0.002 0.967 

 
Turbidity × Desiccation 3 0.003 0.956 

 
Sea × Temp × Turb 10 0.012 0.914 

 
Sea × Temp × Des 0 0 0.995 

 
Sea × Turb × Des 0 0 0.999 

 
Temp × Turb × Des 17 0.02 0.890 

 
Sea × Temp × Turb × Des 0 0 0.990 

  Residuals 849 
  

N. X. gladiata  Season 9093 11.967 0.002 

 
Temperature 56119 73.852 <0.001 

 
Turbidity 409 0.539 0.468 

 
Desiccation 2585 3.402 0.074 

 
Season × Temperature 13813 18.177 <0.001 

 
Season × Turbidity 185 0.243 0.625 

 
Temperature × Turbidity 381 0.501 0.484 

 
Season × Desiccation 1296 1.706 0.201 

 
Temperature × Desiccation 45 0.06 0.809 

 
Turbidity × Desiccation 56 0.074 0.787 

 
Sea × Temp × Turb 166 0.218 0.644 

 
Sea × Temp × Des 465 0.612 0.440 

 
Sea × Turb × Des 233 0.306 0.584 

 
Temp × Turb × Des 2056 2.705 0.110 

 
Sea × Temp × Turb × Des 1413 1.859 0.182 

  Residuals 760 
  

O. U. pinnatifida  Season 388 0.751 0.393 

 
Temperature 4411 8.527 0.006 

 
Turbidity 1827 3.532 0.069 

 
Desiccation 11808 22.829 <0.001 

 
Season × Temperature 4063 7.856 0.009 

 
Season × Turbidity 292 0.565 0.458 

 
Temperature × Turbidity 2 0.004 0.951 

 
Season × Desiccation 122 0.237 0.630 

 
Temperature × Desiccation 3133 6.057 0.019 
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Turbidity × Desiccation 1292 2.498 0.124 

 
Sea × Temp × Turb 500 0.967 0.333 

 
Sea × Temp × Des 4189 8.1 0.008 

 
Sea × Turb × Des 521 1.007 0.323 

 
Temp × Turb × Des 307 0.594 0.447 

 
Sea × Temp × Turb × Des 534 1.033 0.317 

  Residuals 517 
  

P. M. pyrifera Season 17551 11.228 <0.001 

 
Temperature 29276 18.728 <0.001 

 
Turbidity 6246 3.996 0.054 

 
Desiccation 1064 0.681 0.415 

 
Season × Temperature 3676 2.351 0.135 

 
Season × Turbidity 1534 0.982 0.329 

 
Temperature × Turbidity 2016 1.289 0.265 

 
Season × Desiccation 10426 6.669 0.015 

 
Temperature × Desiccation 1719 1.1 0.302 

 
Turbidity × Desiccation 11 0.007 0.933 

 
Sea × Temp × Turb 1068 0.683 0.415 

 
Sea × Temp × Des 1696 1.085 0.305 

 
Sea × Turb × Des 237 0.152 0.700 

 
Temp × Turb × Des 30 0.019 0.890 

 
Sea × Temp × Turb × Des 2073 1.326 0.258 

  Residuals 1563 
  

Q. E. radiata  Season 3067 4.806 0.036 

 
Temperature 5794 9.079 0.005 

 
Turbidity 392 0.615 0.439 

 
Desiccation 51250 80.313 <0.001 

 
Season × Temperature 2988 4.682 0.038 

 
Season × Turbidity 101 0.158 0.694 

 
Temperature × Turbidity 1314 2.058 0.161 

 
Season × Desiccation 3741 5.862 0.021 

 
Temperature × Desiccation 8264 12.951 0.001 

 
Turbidity × Desiccation 433 0.678 0.416 
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Sea × Temp × Turb 1755 2.751 0.107 

 
Sea × Temp × Des 2069 3.243 0.081 

 
Sea × Turb × Des 225 0.353 0.557 

 
Temp × Turb × Des 1140 1.786 0.191 

 
Sea × Temp × Turb × Des 2125 3.33 0.077 

  Residuals 638 
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Chapter Three. Field Experiment 

 

3.1. Introduction and hypotheses 

Carbon dioxide (CO2) is an atmospheric greenhouse gas that traps infrared radiation and 

thereby modifies the earth’s global temperature (Portner et al. 2019). Burning of fossil fuels 

has increased atmospheric CO2 levels from preindustrial 280 ppm to more than 415 ppm 

today (Letcher 2020), resulting in higher average global temperatures as well as many more 

complex types of climate changes (Bolin and Doos 1989, Houghton 1996, Poloczanska et al. 

2013, IPCC 2019a). In shallow rocky systems macroalgae (seaweed) are the dominant type of 

primary producers. When macroalgae grows they sequesters CO2 into their tissue through 

photosynthesis (Lüning 1990, Hurd 2000, Chung et al. 2011). Large and fast-growing 

macroalgae that decomposes slowly are therefore able to incorporate and store more CO2 

than macroalga that have slow growth, are small and/or decomposes fast.  

Laboratory experiments can identify species-specific growth constrains under different types 

of manipulated and controlled stress, like high temperatures or desiccation (Lignell et al. 

1987, Hanelt et al. 1993, Kübler et al. 1999, Mabin et al. 2019) and this approach is therefore 

suitable for a first rapid screening of many different macroalgae for future off-shore carbon-

mitigation (see chapter 1 and 2).  However, more realistic field experiments are required to 

test if candidate species also can be grown at larger scale and under more natural conditions.  

It is therefore important to identify how effective different macroalgal species may be at 

sequestering CO2 under field conditions where natural processes like herbivory, frond 

breakages, and continuously changing environmental conditions (like light, day-length, 

temperature, turbidity, wave action and grazing pressure) can limit growth.  

 

I therefore tested how fast six large canopy-forming macroalgae can grow (and store carbon) 

in field experiments done at three sites in both winter and summer in Lyttelton harbour ((-

43.6179, 172.7251)(Appendix 9)). The six species included four coarsely branched fucoids 

(Homosira banksii, Carpophyllum maschalocarpum, Cystophora scalaris, Sargassum 

sinclairii) and two bladed kelp species (Macrocystis pyrifera and the non-native Japanese 

kelp Undaria pinnatifida).  These six species are common in Lyttelton harbour and, more 

generally, across much of New Zealand’s coastline (Chapman 1966, Schiel 1990, Schiel and 

Hickford 2001, Schiel 2011) and are therefore potential candidate species for future larger-

scale growth trials for carbon mitigation. More specifically, Undaria pinnatifida can grow up 
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to 2 m and Macrocystis pyrifera to more than 30 m, and both species have previously been 

shown to have high growth (North 1970, Zimmerman and Kremer 1986, Brown et al. 1997, 

Dean and Hurd 2007, Schiel and Thompson 2012, Tait et al. 2015, South et al. 2016). More 

generally, growth is also expected to be highest in summer where light and temperature are 

higher, unless the ambient temperature exceed a species thermal optimum (Brown et al. 1997, 

Wernberg et al. 2011, Wernberg et al. 2016b).  

 

The study was done in Lyttelton harbour, an important region because it recently experienced 

several extreme marine heatwaves (exceeding 23°C) that was followed by a total loss of large 

bull kelp (Durvillaea spp.) and accelerated colonization by U. pinnatifida (Thomsen et al. 

2019).  The fate of blue carbon stocks in Lyttelton harbour following this regime shift is 

therefore unclear and may be rapidly changing. Lyttelton harbour is generally protected from 

oceanic swells and macroalgal fragmentation and breakage should therefore be minimal 

(Seymour et al. 1989, Thomsen et al. 2004, Thomsen and Wernberg 2005, Nanba et al. 2011, 

De Bettignies et al. 2012). Lyttelton harbour is also extensively dredged and has the largest 

port, the Lyttelton Port, on the South Island (Knight 1974). Lyttelton harbour also have many 

accessible piers, jetties and pontoons making it an ideal steppingstone to carry out pilot 

growth experiments before scaling up to logistically more challenging off-shore trials.  

Within the harbour, growth experiments were done at Corsair bay, representing a northern 

shore site (-43.6093, 172.6998), Church bay, representing a southern shore site (-43.6332, 

172.7193) and within Lyttelton Port (-43.6046, 172.7191), representing a nutrient rich and 

highly sheltered site. 

 

More specifically., to identify possible future macroalgal candidate species for carbon-

storage and biomass accumulation I carried out field-based growth experiments tested the 

following hypothesis 

- the bladed kelps, U. pinnatifida and M. pyrifera have higher growth rates than 

coarsely branched fucoids (North 1970, Foster and Schiel 1985, Zimmerman and 

Kremer 1986, Brown et al. 1997, Dean and Hurd 2007, Tait et al. 2015, South et al. 

2016, South et al. 2017), 

- seaweed growth is higher in summer where light and temperature levels are highest 

(unless temperature exceed 23-24ºC that can be detrimental to many kelp species) 

(Wernberg et al. 2016a, Wernberg et al. 2018, Smale et al. 2019, Straub et al. 2019, 

Thomsen et al. 2019), 
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- growth rates are highest at the Port site where nutrient levels are highest (Rosenberg 

and Ramus 1982, Cronin and Hay 1996, Morand and Briand 1996). 

 

3.2. Methods 

3.2.1. Macroalgal tissue preparations and field incubations 

Small apical fragments for each of the six macroalgal species were collected from Lyttelton 

harbour and immediately added to an aquarium with cool and aerated water to minimize 

desiccation and heat stress prior to out-transplantation. Note that macroalgae typically 

recover fast from this type of apical pruning (Lowell et al. 1991). Fragments were then cut to 

approximately similar wet weights for each species (see appendix 10). Wet weight was 

measured in the field to nearest 0.01 g after spinning 10× in a salad spinner to remove excess 

water droplets. Two macroalgal fragments of each species were attached to a 1×1 m floating 

PVC frame, divided into 100 cells by strings (i.e., 12 fragments were added per 1 m2, see 

appendix 11-14 for photos). The fragments were only out of the water for a short time when 

they were added to the strings, and water was frequently drizzled on them to minimize 

desiccation and heat stress. All fragments were separated by >10 cm and are therefore 

considered statistically independent units (in contrast to the fragments in the laboratory 

experiment, see chapter 2). 

 

Two frames, each with two fragments of each species, were attached with loose ropes to 

wharfs at Corsair bay and Church bay and to floating docks at the Port site, allowing the 

frames to remain at the surface at all times.  Fragments were attached with cable ties to the 

underside of the string and were therefore always submerged a few cm below the surface. 

The two frames were separated by three meters at Corsair bay and Church bay and 20 meters 

at the Port sites (the wharfs at Corsair bay and Church bay are small, and the Port company 

required me to put the frames in separate areas). This procedure (i.e., replacing and 

measuring wet weight of all macroalgal fragments) was repeated three times every 10-14 

days in both summer and winter. 

 

I also collected temperature data, by attaching Hobo pendant loggers to the PVC frames. 

Unfortunately, several loggers were lost, so I only received data from one logger from a 

winter week at Church bay one logger from a summer week at the Port and one logger that 

recorded over the entire six month study period at the Port-site (see appendix 2-4).  
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Additionally, I measured water clarity at each site in winter using a Secchi disc (Appendix 

15). The full experimental design is depicted in appendix 16. 

 

3.2.2. Data analysis 

The average percent change in biomass per day was calculated for each fragments as 

[(W t  / W 0)
1/t − 1] × 100 % (Yong et al. 2013).  Several fragments were unfortunately lost 

because of wave-action and/or other disturbances. Replicates were therefore pooled across 

weeks (within a season) and between the two frames and I could therefore not test, with a 

balanced design, for within-seasonal effects or between frames. I ran a 3-factoral ANOVA, to 

test for effects between species, sites and seasons.  This test only detected significant site-

effects (and near-significant species effects, see result section and table 3.2) and I therefore 

also ran 2-factorial ANOVAS for each individual species to explore what species were 

affected by site. All test factors were considered fixed factors, i.e., I assume that the six 

species, the two seasons and the three sites represent specific and limited attributes of each 

test factor. Variance homogeneity was tested with Levene’s test for each species and 

normality assumptions was check with residual vs. fitted, Normal Q-Q and Scale- Location 

plots. Significant results were followed by Tukey’s post hoc tests. Carpophyllum 

maschalocarpum and Sargassum sinclairii had significant Levene’s tests so I re-ran these 

ANOVAs on log- and square root-transformed data, respectively. For negative growth values 

I took the square root and log of the absolute value and then converted the respective square 

root and logged it back to a negative value. For example, a negative growth rate of -1.5% 

would be - SQRT(1.5) x -1. All analysis were done in Rstudio 2020 (RStudio 2020). 

 

3.3. Results 

Growth of fragments were highly variable within each species (note the large standard error 

bars on Fig. 3.1 and 3.2) and were relatively similar between species, sites and seasons, only 

varying from ca. -2 to 2% per day (i.e., 95% confidence limits generally overlapped zero and 

different treatments). The 3-factorial ANOVA therefore only detected a significant site-

effects (p < 0.001, Table 3.1; but note that pSpecies = 0.07, a value that may had been 

significant with higher replication and/or less within-species growth-variability).  The follow-

up species-specific 2-way ANOVAs only detected significant site-effects for Cystophora 

scalaris and Sargassum sinclairii, that both had significantly slower growth at Corsair bay 

compared to the two other sites (P < 0.048 for C. scalaris and p < 0.001 for S. sinclairii, Fig. 
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3.1, Table 3.2).  Finally, I found that, when pooled across sites and seasons, Undaria 

pinnatifida was the only species to have negative net-growth (although not significantly 

different from the other species, Fig. 3.2). 

 

Based on Secchi depth measurement, I found water clarity in winter to be 2.17 m at the Port 

site, 0.85 m at Corsair bay and 1.00 m at Church bay (Appendix 15). In Lyttelton port in 

summer the mean temperature was 19.5°C, with a maximum of 25.6°C and minimum of 

14.4°C (Appendix 2). In winter, I found a mean temperature of 10.9°C, with a maximum of 

11.9°C and minimum of 10.0°C (Appendix 3).  

 

3.4. Discussion  

Overall, I found high variability in growth rates within each macroalgal species and only a 

few significant site-effects. In total 210 individual tissue samples had positive and 84 had 

negative growth rates.  

 

3.4.1. Macrocystis pyrifera 

My hypothesis,  that Macrocystis pyrifera have highest growth rates (North 1970, Foster and 

Schiel 1985, Brown et al. 1997, Tait et al. 2015), was rejected and mean growth rates were 

relatively low (Fig. 3.2). Nevertheless, because, a few individual M. pyrifera samples had 

growth up to 7% of daily biomass increase (raw data), higher than any other species in this 

experiment, these rates supports past studies that shows M. pyrifera can have very fast 

growth (North 1970, Foster and Schiel 1985, Zimmerman and Kremer 1986, Brown et al. 

1997, Tait et al. 2015). The reason I did not find higher mean growth rates may be due to 

stress induced by cutting the samples (Vásquez 1995, Oróstica et al. 2014, Gendron et al. 

2018). Furthermore, I found no effect of season, even though growth was expected to be 

higher in summer where light levels are highest (Mann 1973, Lüning 1993, Atkinson et al. 

2020). Seasonal differences in growth rates has been found in M. pyrifera by Rodriguez 

(2014). More specifically, Brown et al. (1997) also found high variability in annual growth of 

M. pyrifera in Dunedin, New Zealand, and also found surprisingly low growth over summer, 

suggesting that warm summer temperatures may limit its growth.  During my study, surface 

waters exceeded 25Cº , a temperature that should inhibit M. pyrifera growth (Graham et al. 

2007) and future warmer waters and stronger heatwaves will likely increase stress on this 

species.    
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3.4.2. Undaria pinnatifida 

Undaria pinnatifida is an annual kelp that was difficult to find in summer (Schiel and 

Thompson 2012, South et al. 2016, South et al. 2017, Thomsen et al. 2018) and that 

frequently died, broke or disappeared when I fixed it to the pvc-growth-frames.  

The large error bars for this this species may also be because individuals were at different 

stages in their annual lifecycle during the experiment (Min et al. 1984, Hay and Villouta 

1993). These difficulties also resulted in a smaller sample sizes (n = 18, Table 3.1, Fig. 3.5) 

and may have contributed to the lack of significant results. Nevertheless, it was surprising 

that winter growth was not higher, when this species typically have rapid growth (Stuart et al. 

1999, Morita et al. 2003, Dean and Hurd 2007). The low winter growth may, again, be 

related to the methodology using cut tissue sections. A low summer growth rates of U. 

pinnatifida support previous studies that show this species have an annual lifecycle, where 

sporophyte typically occurs between late summer to early autumn (the same time period as 

this experiment) (Akiyama 1982, Floc'h et al. 1991, Hay and Villouta 1993). Given the 

ability of U. pinnatifida to colonize many different coastal habitats (Thornber et al. 2004, 

Schiel and Thompson 2012, Epstein and Smale 2017), it is, perhaps, not surprising I found no 

difference in growth between sites.  

 

3.4.3. Homosira banksii  

Homosira banksii is one of New Zealand’s most common intertidal species, and is the 

dominant species in the majority of New Zealand’s midlittoral tidal zone (Bergquist 1959, 

Schiel 1990, Schiel and Hickford 2001, Schiel 2011). H. banksii is tolerant to a range of 

stressful conditions, including high light, temperature and desiccation levels (Kain 2015, 

Wootton and Keough 2016). The extensive distribution of H. banksii (Bergquist 1959, Schiel 

1990) and the lack of significant effects both provide evidence of H. banksii tolerance to a 

wide range of environmental conditions. 

 

3.4.4. Cystophora scalaris 

Cystophora scalaris had the highest mean growth rate of the six species (although not 

significantly so), and also had lowest rates at the relatively more exposed Corsair bay. While 

differential seasonal growth rates of C. scalaris are relatively unknown, C. scalaris is adapted 

to high light environments given its greater abundance in the low intertidal to shallow 
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subtidal zone (Womersley 1964, Richards et al. 2011). C. scalaris is also found in higher 

abundance in sheltered areas (Dunmore 2006) which may explain the slow growth rates 

observed at Corsair bay. 

 

3.4.5. Sargassum sinclairii 

Sargassum sinclairii is a relatively opportunistic species with an annual lifecycle (Schiel 

1990, Nelson 2020). Like C. scalaris, S. sinclairii also had relatively high mean growth rates 

and reduced growth at Corsair bay. S. sinclairii is more finely branched than many other 

fucoids and may, like C. Scalaris, be limited by wave exposure at Corsair bay that may cause 

breakages, fragmentation and lost biomass (here recorded as reduced net growth rates). S. 

sinclairii is predominately a subtidal species (Schiel 1985) and may thereby also have been 

limited by high light levels in the surface. While relatively high growth rates have been 

recorded for other Sargassum species (Norton 1977, McCourt 1984), it is unclear if the 

relatively high growth rates from this experiment is typical for S. sinclairii.  

 

3.4.6. Carpophyllum maschalocarpum  

Carpophyllum maschalocarpum is a common canopy-forming species in the shallow subtidal 

zone (Schiel 1988, 1990). C. maschalocarpum had near-significant effects (p < 0.1, Table 

3.1) for both the site and season test factors, suggesting that, with higher sample sizes, growth 

may have been higher at the Port site and in winter months. C. maschalocarpum generally 

had negative growth in summer at Church bay (where it is very common), although the error 

bars were large. C. maschalocarpum typically has relatively slow growth rates (Schiel 1985, 

Booth 1986) and may have been inhibited by the high surface water temperatures over 

summer. 

 

3.4.7. Site variation 

Many environmental factors may explain the site effects, including, temperature, 

sedimentation, pH, wave exposure, grazing rates, turbidity, water clarity and nutrient levels. 

However, some of these variables would likely have been the relatively similar given their 

close proximity and the strong tidal flow in Lyttelton harbour (Bolton-Ritchie 2011). I 

suggest that the main difference between the sites would be attributed to wave-exposure 

because both the Port and Church bay are sheltered from the open ocean easterly swells 

(Appendix 9). By comparison, Corsair bay is more exposed and also had more turbid waters 
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(based on Secchi depth measurements, appendix 15), likely related to wave-induced 

resuspension of sediments (Li et al. 2019). A visual example of differences in macroalgal 

biomass between Corsair bay and the Port site are shown in appendix 11 and 12. Although 

different macroalgal species have different light compensation and light saturation points 

(Markager and Sand-Jensen 1992, Harrison and Hurd 2001, Xiao et al. 2019), all tissue 

samples were less than 5 cm from the surface, suggesting that none of the species would have 

been light limited.  

 

3.4.8. Study limitations 

The main limitation of the field experiment is likely that macroalgae clipping and cut sections 

may have suboptimal growth (Vásquez 1995, Oróstica et al. 2014, Gendron et al. 2018). This 

limitation is likely more important for the bladed kelps than the coarsely branched fucoids 

that can continue its apical growth from cut fragments with little negative wounding effects 

(Pedersen et al. 2005, Thomsen and McGlathery 2007, Wernberg et al. 2013). One 

explanation for some of the variation in growth rates between tissue samples, could be that 

the majority of the growth occurs in the tip of the macroalgae (where I took the tissue 

samples from) (Jackson 1987, Hepburn et al. 2007, Charrier et al. 2017). A few times small 

pieces of tissue broke off in the salad spinner or during handling, resulting in minor biomass 

loss, but to avoid underestimation of growth rates, I measured the wet weight again. It was 

occasionally difficult to remove all accumulated sediments of some tissue (also after rinsing 

them in saltwater and putting them in the salad spinner) which could have resulted in an 

artificial weight gain and slight overestimation of growth.  

 

There were also gaps in data collections, related to bad weather, entanglement of growth 

frames, difficulties of finding U pinnatifida individuals in summer months, and, importantly, 

Covid-19 Lockdown, which resulted in smaller sample sizes and thereby lowered test-power. 

The data gaps have likely contributed to the lack of detected significant effect of season, as 

macroalgae typically have very different growth rates over summer vs. winter (Davison 1987, 

Kübler and Davison 1993, Lüning 1993, Atkinson et al. 2020).  
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3.5. Figures 

Fig. 3.1. Mean growth rates (± SE) of six macroalgal species at three sites between winter 

and summer. Growth rates were calculated as the percentage change in wet weight per day. 

Prt = Port site, Cos = Corsair bay and Chu = Church bay.  
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Fig. 3.2. Mean growth rates (± SE) pooled across three sites and two seasons for six 

macroalgal species. Growth rates were calculated as change in biomass per day. Species 

coding: the first letter corresponds to the first letter of the genus whereas the three last letters 

correspond to the first three letters of the species name (e.g., Cmas = Carpophyllum 

maschalocarpum). 
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3.6. Tables 

Table 3.1. Fixed 3-factorial ANOVA testing for effect on growth for two seasons, three sites 

and macroalgal species. Significant results (p < 0.05) are highlighted with bold. 

Source of Variation Df MS F p 

Site 2 56.85 13.39 <0.001 

Species 5 8.79 2.07 0.070 

Season 1 4.04 0.95 0.330 

Site × Species 10 5.64 1.33 0.216 

Site × Season 2 3.21 0.76 0.471 

Species × Season 5 5.01 1.18 0.320 

Site × Species × Season 10 2.11 0.50 0.891 

Residuals 258 4.25 
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Table 3.2. Fixed 2-factorial ANOVA testing for effects on growth for three sites and two 

seasons or each of six macroalgal species. Significant results (p < 0.05) are highlighted with 

bold.   

  

Response  

Sources of 

Variation df MS F p 

A - H. banksii Site 2 2.905 2.085 0.135 

 
Season 1 2.593 1.861 0.179 

 
Site × Season 2 0.382 0.274 0.761 

  Residuals 51 1.393   

B - C. 

maschalocarpum Site 2 0.656 2.924 0.063 

 
Season 1 0.665 2.965 0.091 

 
Site × Season 2 0.079 0.353 0.704 

  Residuals 49 0.224 
  

C - C. scalaris Site 2 0.9501 3.216 0.0484 

 
Season 1 0.0239 0.081 0.7772 

 
Site × Season 2 0.3257 1.102 0.3399 

  Residuals 51 0.296 
  

D - S. sinclairii Site 2 32.75 10.192 <0.001 

 
Season 1 0.65 0.201 0.656 

 
Site × Season 2 1.6 0.497 0.611 

  Residuals 50 3.21 
  

E - U. pinnatifida  Site 2 8.098 0.818 0.458 

 
Season 1 0.102 0.01 0.920 

 
Site × Season 2 3.992 0.403 0.674 

  Residuals 17 9.904 
  

F - M. pyrifera Site 2 4.198 0.974 0.386 

 
Season 1 4.115 0.955 0.334 

 
Site × Season 2 1.155 0.268 0.766 

  Residuals 40 4.31 
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Chapter Four. Discussion  

 

4.1. Macroalgal growth at different environmental conditions  

Overall, I found that Macrocystis pyrifera and the three Durvillaea species had the lowest 

growth and highest mortality at 23°C (chapter 2), suggesting that this stress-level represents a 

significant threshold that will limit their distribution in New Zealand in the future, as the 

oceans continue to warm (Schiel and Choat 1980, Graham et al. 2007, Schiel and Foster 

2015, Straub et al. 2019, Thomsen et al. 2019). However, I also found that individual M. 

pyrifera fragments, under realistic field conditions in Lyttelton Harbour, can grow up to 7% 

per day (in biomass, see chapter 3). The high growth observed in some field settings matches 

unusually high growth observed in other places of the world, where individuals of M. 

pyrifera have been shown to grow more than 30 cm per day (North 1987). In addition, 

growth of both M. pyrifera and the three Durvillaea species was based on circular cut-out 

discs which are likely to have lower growth rates than entire uncut blades. Both M. pyrifera 

and the three Durvillaea spp. are widespread habitat-forming canopy species (Nelson 2020). 

The reason I did not find high growth in the laboratory experiment for these species was 

likely because I measured growth at the upper limit of their thermal tolerance (Schiel and 

Choat 1980, Graham et al. 2007, Schiel and Foster 2015, Straub et al. 2019, Thomsen et al. 

2019, Nelson 2020), a finding that was supported by high mortality observed in the 23ºC 

treatments. 

 

In addition, I found that the fucoid Landsburgia quercifolia had the highest growth rates 

across various environmental conditions. L. quercifolia is widely distributed, being found as 

far north as the Three Kings Islands and as far South as Stewart Island in both shallow and 

deep subtidal zones (Nelson 2020). While previously high rates of productivity in L. 

quercifolia have been documented (Desmond et al. 2017), growth and stress tolerance for L. 

quercifolia are largely unstudied. Interestingly, the high growth rates observed across 

treatments do not match its typically sparse and scattered abundance patterns compared to 

other more dominant habitat-forming macroalgae (Wood 1949, Schiel and Choat 1980, Choat 

and Schiel 1982, Nelson 2020). The underpinning mechanisms for L. quercifolia lack of 

dominance may be because it is outcompeted by larger kelp species (Steneck et al. 2002).  
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Overall, Homosira banksii appeared to be most resilient across stress-levels with positive, 

albeit low, growth across most treatments (chapter 2, 3). The resilience of H. banksii to stress 

matches its extensive distribution in temperate Australasia and in particular with its ability to 

form dominant canopies on intertidal mid-shores (Osborn 1948, Bergquist 1959, Schiel 1990, 

Schiel and Taylor 1999, Lilley and Schiel 2006, Schiel 2011, Thomsen et al. 2016b, Thomsen 

et al. 2020). H. banksii had no significant differences in growth rate in both the laboratory 

and field experiment, highlighting that this species is stress-resistant, in particular to 

desiccation (Schiel and Taylor 1999, Kain 2015, Wootton and Keough 2016).  

 

Several species (i.e., H. banksii, Cystophora retroflexa, C. torulosa, C. scalaris, 

Marginariella boryana, Carpophyllum maschalocarpum, C. flexuosum or Notheia anomala) 

were not affected by the high temperature treatments, and these species may therefore 

become more dominant in the future given a predicted increase in marine heatwaves 

(Frölicher et al. 2018, Oliver et al. 2018). Species that are found at higher latitudes are more 

likely to have a higher thermal tolerance (Bereiter et al. 2018, Martínez et al. 2018). The 

aforementioned species that did not respond to temperatures have latitudinal ranges spanning 

the entire north-south coastline of New Zealand (minus M. boryana and C. scalaris which 

have their northern range limit in the southern part of the North Island) , suggesting they are 

resilient to high temperature (Nelson 2020). I also found that several species had different 

growth rates between seasons, (including M. pyrifera, C. retroflexa, Xiphophora gladiata, M. 

boryana and Eklonia radiata) suggesting that they acclimatize to warmer waters over 

summer, like observed for other macroalgal species (Davison 1987, Kübler and Davison 

1993, Eggert et al. 2003, Atkinson et al. 2020).  

 

4.2. Blue carbon implications for local management of macroalgae  

Management and conservation of blue carbon in macroalgae require that both carbon sources 

and carbon sinks are quantified (Krause-Jensen and Duarte 2016, Krause-Jensen et al. 2018, 

Smale et al. 2018, Ortega et al. 2019). Although the best overall management option to 

mitigate problems associated with climate changes is to reduce CO2 emissions, this option 

may not possible on local scales (Smale et al. 2019, Arafeh-Dalmau et al. 2020).  

Alternatively, coastal managers can facilitate blue carbon uptake in local macroalgal forests 

by protecting these forests from bottom trawling and eutrophication, by artificial reef 

restoration (that provide substratum for new algal forests), by selective harvesting of grazers 
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like sea urchins (kina), and by genetic modification to increase resilience for stressors like 

heatwaves (Steneck et al. 2002, Laffoley and Grimsditch 2009, Hamilton and Caselle 2015). 

Reducing the impact of these stressors should promote conservation of macroalgal forests 

and therefore protect their blue carbon contribution (Smale et al. 2013, Araújo et al. 2016, 

Rogers-Bennett and Catton 2019). Management that protects kelp forests may be particularly 

important because marine heatwaves are predicted to become stronger and more frequent 

(Oliver et al. 2019, Rogers-Bennett and Catton 2019, Arafeh-Dalmau et al. 2020, Smale 

2020). Conservation efforts should focus on species that are more susceptible to future 

temperature stress (see chapter 2) to avoid local or regional extinctions (Smale and Wernberg 

2013, Smale et al. 2019, Thomsen et al. 2019, Sen Gupta et al. 2020).  

 

4.3. Implications for future carbon budgeting and blue carbon trading  

Novel carbon markets are developing in the macroalgal industry (Froehlich et al. 2019). The 

knowledge gained from my research will inform an early pilot-experiment related to The 

Seaweed Solution initiative (Appendix 17). More specifically, The Seaweed Solution is an 

engineering research group developing a business case for carbon-specific macroalgal 

farming. This proof-of-concept initiative will use free-floating bamboo rafts to grow 

Macrocystis pyrifera until the raft will degrade and sink into deep sea canyons after ca. 7-10 

months. These rafts should then remove macroalgal sequestered carbon to the deep ocean and 

be sold as a carbon credit. However, solutions for carbon offsetting with macroalgae are 

preliminary and face significant barriers (Sondak et al. 2017, Froehlich et al. 2019).  For 

example, macroalgal carbon products must be deposited beyond 1000 m depth for long term 

carbon store (see chapter 1.3) (Hamilton and Caselle 2015, Fernand et al. 2017). In addition, 

it remains unknown if offshore macroalgal farming will overcome many social, ecological 

and economic limitations (Chung et al. 2011).  

 

I suggest that M. pyrifera  is the best candidate species in New Zealand for carbon-offsetting 

because of its high growth and large size (Graham et al. 2007, Schiel and Foster 2015). The 

reason M. pyrifera had low growth rates in my laboratory experiment was because it was 

grown above its optimal thermal range (chapter 2) (Mabin et al. 2019). Given the low 

temperature required for optimal growth, M. pyrifera carbon farming should be done in 

southern New Zealand where the risk of temperatures exceeding 18-20 ºC is lower.  
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The invasive kelp U. pinnatifida can have similarly high growth rates as M. pyrifera (Stuart 

et al. 1999, Thornber et al. 2004, Schiel and Thompson 2012, South et al. 2017). However 

because U. pinnatifida is much smaller than M. pyrifera and has seasonal die-off (Hay and 

Luckens 1987, Nelson 2020), M. pyrifera is more suited for carbon-farming.  

 

4.4. Future research direction 

4.4.1. Lab experiment  

Adding a 12C temperature treatment, i.e., close to the mean winter temperature recorded in 

Lyttelton Harbour (Appendix 3-4), would provide context for more typical winter growth 

rates (Mabin et al. 2019). Six of the 17 species in the laboratory experiment had a wide-

bladed morphology, where I cut circular fragment out to prepare similar-sized tissue (entire 

blades would be too large for the aquaria). Testing growth of these species on entire blades 

(Smit et al. 1996, Pavia and Toth 2000, Gao et al. 2013) would likely reduce stress and give 

more realistic growth rates. 

 

4.4.2. Field experiment 

Quantifying growth of larger samples and/or whole plants would be an important additional 

next step. Several techniques can be used to measure growth in individual kelps and fucoids, 

including hole punch and plant tagging techniques (Mann 1973, Hepburn et al. 2007, 

Yñiguez et al. 2008). To overcome the challenges outlined in section 2.4.1, larger sample 

sizes, more sites and more species would also have increased the robustness of the data. 

Finally, it would have been beneficial to measure more abiotic data, like light levels, wave 

actions, abrasion, grazing rates and sedimentation, to better understand why the different 

species had different growth rates between sites. 

 

4.4.3. Upscaling to larger systems  

There is an opportunity to improve the estimate by Baisden and Manning (2011) of 20Tg of 

oceanic carbon uptake annually inside New Zealand’s maritime boundary. New Zealand has, 

because a of a large economic exclusive zone, high macroalgal diversity and near-shore deep 

canyons, an opportunity to lead globally on blue carbon budgets (Gao et al. 2020). Therefore, 

research into national blue carbon budgets across ecosystems and their temporal dynamics is 

needed (Nellemann and Corcoran 2009, Lavery et al. 2013, Duarte 2017).  
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With a predicted increase in frequency and intensity of heatwaves (Oliver et al. 2018, Sen 

Gupta et al. 2020), there is also a need to more studies on how habitat-forming fucoids and 

kelps respond to temperature stress. For example, new studies could quantify changes in blue 

carbon following replacement of Durvillaea spp. with species like U. pinnatifida, C. scalaris 

and H. banksii (Thomsen et al. 2019, Thomsen and South 2019, Salinger et al. 2020). 

Furthermore, if M. pyrifera and U. pinnatifida, in a future warmer world, replace habitats 

previously occupied by bull kelp species (Schiel and Hickford 2001, Nelson 2020), more blue 

carbon may be produced because M. pyrifera and U. pinnatifida have faster growth and 

higher turnover (Rodriguez 2014, Tait et al. 2015). 

 

4.5. Conclusion 

In conclusion, I found that, across 17 macroalgal species, Homosira banksii was most stress-

resilient, Landsburgia quercifolia had the overall highest growth rates and Macrocystis 

pyrifera and three Durvillaea species were most susceptible to high temperature. I also found 

that the ecologically important giant kelp, M. pyrifera, can maintain high growth rates under 

realistic field conditions if it is not exposed to temperature stress. The different stress 

tolerances of the 17 tested species suggest that there will be different ‘winners’ and ‘losers’ in 

a future warmer ocean. Supporting growth and conservation of specific macroalgae species 

should optimize retention of coastal blue carbon. The high diversity of macroalgae in New 

Zealand, with many endemic species and genera, compared to the rest of the world, provides 

exciting future research opportunities, in particular on how different species may contribute 

to blue carbon storage. Macroalgae can play an increasing role in carbon sequestration if 

managers and the aquaculture industry facilitate feasible and scalable opportunities for 

macroalgal cultivation and restoration. 
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Appendices  
 

Appendix 1. Wet weight, dry weight and carbon content ratios. 

 

Growth rates in macroalgae are positively correlated with carbon sequestration (Laurens et al. 

2020). I therefore quantified the amount of carbon in the tissue of each of the 17 species used 

in the lab experiment (chapter 2). Wet weight to dry weight to carbon content it is a useful 

ratio to convert growth to carbon capture. Laurens et al. (2020) suggested that macroalgal 

species in their study sequester a greater weight of carbon than their dry weight. I collected 

two samples from 16 of the 17 species and froze them after the Lab experiment. I did not 

include Notheia anomala because of its small size. Each sample was defrosted a month later 

and I measured the wet weight, followed by dry weight (after drying at 55°C until no change 

in weight was detected). Tissue were transferred to a desiccator with silica gel and re-

weighed as soon as they cooled. Gallagher et al. (2018) found that there is variation in the 

rate at which different species of macroalgae dry and reabsorb moisture. To quantify dry ash 

content, samples (0.5-1.5g) were transferred to tared porcelain crucibles and ashed in a 

Muffle furnace (Thermoline Furnace; Model F6020C-330). The techniques for oven drying 

and ashing was adopted from Liu (2019). Tissue were ashed at a ramp rate of 2.5, followed 

by a dwell period of 6.5 hours at 550°C. The tissue was crushed before ashing to maximise 

its surface area. The total ash content (%) was calculated as: (ashed weight (g)/ oven dry 

weight (g)) x 100 - where ash is the inorganic residue left after dry oxidation. However, the 

ashing process is not a perfect proxy for carbon content because only the organic carbon 

burns alongside some volatile compounds being vapourised. There is possibly more carbon 

remaining in the tissue in the form of inorganic carbon and the true amount of carbon in the 

tissue is higher than calculated. Further refinement of these methods and values is needed to 

determine exactly how much carbon is sequestered per unit weight of each macroalgal 

species. I found different ratios, although not statistically different, for the different 

macroalgal species (Appendix 18).  

 

Ratio of dry and wet weight to ashed weight for 16 macroalgal species (with 2 replicates per 

species). For example, a 0.75 dry weight implies that most of the 75% of the dry weight of 

that species is carbon. Species are coded with the first letter corresponding to the first letter of 

their genus name and the next three letters are the first three of their species name. E.g. Cmas 

= Carpophyllum maschalocarpum 
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Species and 

replicate 

Oven Dry 

Weight : Ashed 

weight 

Wet Weight : 

Ashed weight 

Dant1 0.75 0.98 

Dant2 0.75 0.95 

Dpoh1 0.75 0.96 

Dpoh2 0.74 0.94 

Dwil1 0.77 0.96 

Dwil2 0.78 0.97 

Hban1 0.69 0.92 

Hban2 0.74 0.97 

Cfle1 0.82 0.92 

Cfle2 0.83 0.94 

Cmas1 0.81 0.93 

Cmas2 0.78 0.93 

Cret1 0.71 0.96 

Cret2 0.76 0.88 

Csca1 0.72 0.94 

Csca2 0.65 0.91 

Ctor1 0.70 0.94 

Ctor2 0.71 0.94 

Lque1 0.80 0.95 

Lque2 0.79 0.94 

Ssin1 0.76 0.95 

Ssin2 0.77 0.95 

Mbor1 0.79 0.94 

Mbor2 0.78 0.93 

Xgla1 0.69 0.91 

Xgla2 0.72 0.91 

Upin1 0.67 0.95 

Upin2 0.68 0.94 
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Mpyr1 0.66 0.95 

Mpyr2 0.71 0.94 

Erad1 0.71 0.93 

Erad2 0.71 0.93 
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Appendix 2. Temperature and light levels (lux) at the Port site in early autumn from March 

15-22 measured with a Hobo pendant logger.  
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Appendix 3. Church Bay temperature and light in winter from July 4-14 
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Appendix 4. Temperature over 6 months in Lyttelton Harbour  
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Appendix 5. Lab experimental design in a 18°C climate-controlled room. The same 

experiment with the same design was set up in a 23°C climate-controlled room. 12 of the 

aquaria was used for the experiment; 2 light levels × 2 desiccation levels × 3 replicated 

aquaria (the 4 aquaria at the back of the photo were not used).  
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Appendix 6. Close-up photo showing macroalgal tissue exposed to two hours of desiccation 

(note the hobo pendant logger).   
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Appendix 7. Mean starting biomass (gWW) of 17 macroalgal species in a lab-experiment. 

Species are coded with the first letter corresponding to the first letter of their genus name and 

the next three letters are the first three of their species name. E.g. Cmas = Carpophyllum 

maschalocarpum. 

Species Season Mean SD 

Dant Summer 1.75 0.13 

Dpoh Summer 1.56 0.08 

Dwil Summer 2.39 0.17 

Hban Summer 2.94 0.07 

Nano Summer 2.45 0.08 

Cfle Summer 1.75 0.13 

Cret Summer 2.28 0.07 

Csca Summer 3.33 0.08 

Ctor Summer 3.02 0.08 

Lque Summer 0.79 0.19 

Ssin Summer 0.42 0.03 

Mbor Summer 0.57 0.04 

Xgla Summer 1.44 0.05 

Upin Summer 0.44 0.13 

Mpyr Summer 0.42 0.03 

Erad Summer 0.41 0.05 

Dant Winter 1.12 0.11 

Dpoh Winter 2.52 0.14 

Dwil Winter 1.27 0.05 

Hban Winter 2.35 0.06 

Nano Winter 2.61 0.05 

Cfle Winter 0.85 0.03 

Cmas Winter 0.60 0.02 

Cret Winter 1.12 0.06 

Csca Winter 3.47 0.06 

Ctor Winter 2.55 0.08 

Lque Winter 0.55 0.03 

Ssin Winter 0.36 0.02 
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Mbor Winter 1.47 0.05 

Xgla Winter 1.49 0.04 

Upin Winter 0.91 0.08 

Mpyr Winter 0.33 0.02 

Erad Winter 0.99 0.06 
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Appendix 8. Lab experiment design summary. 
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Appendix 9. Site locations where for growth experiments Lyttelton harbour, Corsair Bay, 

Church Bay and Lyttelton Port. 
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Appendix 10. Mean starting biomass (grams wet weight) of six macroalgal species in a field 

experiment. Species are coded with the first letter corresponding to the first letter of their 

genus name and the next three letters are the first three of their species name. E.g. Cmas = 

Carpophyllum maschalocarpum. 

 

Species Season Mean SD 

Hban Summer 1.93 0.08 

Cmas Summer 6.07 0.33 

Csca Summer 4.18 0.28 

Ssin Summer 4.61 0.28 

Upin Summer 2.48 0.17 

Mpyr Summer 1.86 0.10 

Hban Winter 2.88 0.18 

Cmas Winter 3.97 0.50 

Csca Winter 4.79 0.40 

Ssin Winter 4.37 0.47 

Upin Winter 2.77 0.25 

Mpyr Winter 1.86 0.17 
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Appendix 11. Photo showing remaining/surviving macroalgal tissue on a PVC frame at the 

Port site after 63 days of COVID-19 Lockdown.  
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Appendix 12. Photo of PVC frame at Church bay plot, just after being re-set with fresh new 

tissue for the six macroalgal species.  
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Appendix 13. Photo showing a PVC frame with attached macroalgal tissue at the wharf 

during low tide at Church bay.  
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Appendix 14. Close-up (from left to right) of Sargassum sinclairii and two Carpophyllum 

maschalocarpum fragments attached to the PVC frame. 
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Appendix 15. Secchi depth measurements 8/8/2019. 

 

Location Depth (m) 

Port site 2.17 

Corsair bay 0.85 

Church bay 1.00 
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Appendix 16. Field experiment design summary. 
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Appendix 17. The Seaweed Solution initiative. 

 

The Seaweed Solution is a team of six 2020 honours students in marine biology, engineering 

and product design from the University of Canterbury determined to make an impact. 

Motivated by the climate crisis, The Seaweed Solution is exploring innovative and ecological 

sound aquaculture solutions to biodiversity and climate challenges. The Seaweed Solution 

was Founded after winning the 2019 UCE Social Enterprise Competition and are excited to 

present innovative concepts for Blue Carbon sequestration and multitrophic aquaculture. As 

land use competition between forestry and farmland increases and the demand for carbon 

credits grows, our first concept is for offshore seaweed carbon credits to be grown on 

bamboo rafts (for design see; https://theseaweedsolution.wixsite.com/seaweedsolution). 

There has yet to be any deep-sea aquaculture globally or any marine carbon credits sold, and 

we aim to pioneer on both these fronts. Our research interest is orientated toward offshore 

carbon credits and the growing need for marine permaculture and multitrophic aquaculture. 

 

 

 


