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Abstract 

This is the first study to test the potential of macroalgae to grow and remove nutrients from 

New Zealand pāua farm effluent. Three different macroalgae culture systems were compared 

for the treatment of aquaculture effluent and macroalgae production: a suspended macroalgal 

culture system – representing a high rate algal pond, and two algal turf scrubber (ATS) culture 

systems with attached macroalgae (i.e., a typical land-based system and a novel floating 

system). A series of consecutive experiments were conducted for batch, semi-continuous, and 

nutrient spiked semi-continuous culture using these three culture systems. The suitability of 

the Ulva spp. cultured in the effluent was then tested as a feed supplement for pāua. Four 

different feeding treatments were tested, with replacement of formulated abalone feed with 

different amounts of fresh effluent-grown Ulva spp. 

In the batch culture experiment, macroalgae grew well and removed ammoniacal-N (from ~1.5 

to 0 mg NH3-N L-1) from the pāua aquaculture effluent during 0 – 3 days in both ATS culture 

systems and 1 – 6 days in the suspended culture system. However, the nitrate concentration 

(~2.4 mg NO3--N L-1) was not reduced below 1 mg NO3--N L-1 in any of the culture systems 

and dissolved reactive phosphorus (DRP) was too low to measure. The highest growth rates 

measured in each culture system were 12.5 g m-2 d-1 (suspended), 8.3 g m-2 d-1 (floating ATS), 

and 1.6 g m-2 d-1 (land-based ATS), but these growth rates were highly influenced by the 

amount of biomass initially present. 

In the semi-continuous culture experiment, the macroalgae also grew well and removed 

ammoniacal-N (from 1.23 to ~0.06 mg NH3-N L-1) from the pāua aquaculture effluent (with 

94, 98, and 99% removal achieved by the suspended culture system, floating ATS culture 

system, and land-based ATS culture system, respectively) even at a 1-day HRT (hydraulic 

retention time). However, the ~2.4 mg NO3--N L-1 inflow nitrate concentration was not 

reduced below 1 mg NO3--N L-1 in any of the culture systems. The inflow DRP concentration 

was still below detection. The highest growth rate measured in each culture system when 

operated at a 1-day HRT was 6.3 g m-2 d-1 (suspended culture system), 7.7 g m-2 d-1 (floating 

ATS culture system), and 16.2 g m-2 d-1 (land-based ATS culture system). 

In the spiked semi-continuous culture experiment, the pāua aquaculture effluent nutrient 

concentration was increased to ~30 mg NH3-N L-1 and ~3 mg DRP L-1. The land-based ATS 

culture system showed the most potential for phycoremediation of aquaculture effluent and 
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production of macroalgal biomass. The land-based ATS had the highest ammoniacal-N 

removal and macroalgal growth rate (16.2 g m-2 d-1) but became contaminated by nitrifying 

bacteria, which led to an accumulation of nitrate-N (up to 13 mg NO3--N L-1). Also, the land-

based ATS culture system may be susceptible to contamination by colonial cyanobacteria 

which may outcompete the macroalgae. In contrast, the suspended culture system consistently 

showed lower (and less consistent) ammoniacal-N removal and had the lowest macroalgal 

growth rate (6.3 g m-2 d-1), although it was not contaminated by nitrifiers it was often 

contaminated by phytoplankton at the high inflow nutrient concentrations. Therefore, the land-

based ATS culture system and to a lesser extent, the suspended culture system warrants further 

evaluation at both mesocosm scale and commercial large scale. 

Complete removal of ammoniacal-N (0 mg L-1) and near-complete nitrate-N removal (~1 mg 

L-1) from the drum filter backwash effluent produced by Moana Ltd’s pāua aquaculture facility 

could be achieved in all three macroalgal culture systems with a surface area of 1,280 m2 (100 

× 12.8 m). The land-based ATS culture system alone or the integration of both the land-based 

ATS and suspended culture systems could provide the highest nutrient removal and macroalgal 

production. 

Effluent-grown Ulva spp. was found to be an excellent feed supplement for pāua with no 

difference in the survival or growth of juvenile pāua when up to 20% of a formulated diet 

(Abfeed®) was replaced with fresh Ulva spp. in a 38-day feeding trial. A 20% substitution of 

Abfeed® is economically beneficial given that this feed costs NZ$3.60 kg-1. It was estimated 

that sufficient Ulva spp. could be produced to supply 20% of the feed requirements for Moana 

Ltd’s entire pāua farm from a macroalgal culture system covering an area of 7,230 m2 (100 × 

72.3 m) and using 100% of the drum filter backwash effluent (259,200 L d-1) and 10% of the 

drum filtered effluent (1,290,087 L d-1). 

The present preliminary study has demonstrated the potential of land-based macroalgae culture 

systems to remove nutrients from New Zealand pāua farm effluent whilst also producing Ulva 

spp. as a suitable feed for cultured pāua. 
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Chapter 1. Introduction and Literature Review 

1.1. Aquaculture 

Aquaculture is an important sector of global food production, estimated to contribute 179 

million t in 2018, accounting for 46% of all aquatic food production (FAO, 2020). World 

capture fisheries are thought to have reached or exceeded their sustainable yield, however, the 

global human population is expected to increase from 7.8 billion in mid-2020 (UN, 2021) to 

approximately 10 billion by 2060 (UN, 2017), an increase of ~30%. Therefore, assuming that 

the human population continues to consume aquatic food products at the current rate, aquatic 

food production must increase by 30% over the next 40 years. Since the productivity of 

capture fisheries is already constrained, future increases in aquatic food supply will need to be 

satisfied by aquaculture. 

Expanding aquaculture activity in coastal waters is creating conflicts with other users and 

generating concerns about cumulative environmental impacts. Consequently, there is increased 

interest in moving aquaculture both onshore and into offshore waters to avoid conflicts, and/or 

modifying aquaculture production systems to reduce environmental impacts. For example, 

many fed aquaculture species, such as carnivorous finfish (e.g., Atlantic salmon), create 

significant environmental concerns due to the release of nutrients into the aquatic 

environment, especially nitrogenous and phosphorous compounds, which can trigger excessive 

production from primary producers, e.g., microalgal blooms. The increase in the farming of 

fed aquaculture species in recirculating aquaculture systems on land has created interest in the 

treatment of the nutrient-rich effluent generated from these systems. 

1.2. Pāua - The New Zealand Abalone Species  

 General Biology of Pāua 

Pāua is the Māori name for the native abalone species in New Zealand. Abalone are 

herbivorous marine gastropod species belonging to the genus Haliotis, for which there are 56 

species worldwide (WoRMS, 2021) most of which inhabit shallow coastal water rocky reefs. 

There are three New Zealand abalone species; the yellow-footed pāua (H. australis), the virgin 

pāua (H. virginea), and the black-footed pāua (H. iris). Haliotis australis and H. virginea grow 

up to 70 – 100 mm in shell length (Poore, 1972b), while H. iris (hereafter, referred to as pāua 

throughout the thesis) grows to a larger size of up to 180 mm in shell length (Poore, 1972b). 
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After larval settlement on the surface of rocks and other hard benthic substrates, the juvenile 

abalone start to feed on benthic diatoms that they scrape from the substrate (Tutschulte & 

Connell, 1988). As they grow in size and their feeding abilities develop, they begin to also 

feed on macroalgae (Stepto & Cook, 1997). Typically, juvenile abalone at 10 mm shell length 

begin to feed on macroalgae, consuming around 10 – 30% body weight of macroalgae per day 

(Hahn, 1989). Cornwall et al. (2009) found that wild pāua tend to consume Ulva spp. (green 

algae, Chlorophyta), Asparagopsis armata (a red macroalgae, Rhodophyta), and a variety of 

brown macroalgae species (Phaeophyceae). 

Due to the high overseas demand for pāua meat, especially in Asian seafood markets, most of 

the pāua harvested from the wild and cultured in New Zealand is exported into these markets. 

The black-footed pāua is the most commonly cultured pāua species in New Zealand because 

of its larger size. Of all abalone species, it also has the most distinctively blue coloured shell, 

which is often used in making jewellery, decorative accessories and pāua pearls. 

 New Zealand Land-Based Pāua Aquaculture 

In New Zealand, most pāua aquaculture is conducted in land-based systems. Land-based 

aquaculture can provide much greater control over production, by reducing disease, variation 

in culture conditions, whilst providing the opportunity to improve the quality of discharged 

effluent, compared to sea-based aquaculture systems, such as sea cages or pens. Unlike sea-

based aquaculture, the effluent from land-based aquaculture systems can be treated to reduce 

nutrient concentrations to improve water quality either for discharge to the environment or for 

reuse in the aquaculture facility. The discharge of nutrient-rich effluent from land-based 

aquaculture operations has the potential to degrade receiving environments. Untreated effluent 

from land-based aquaculture systems typically contains elevated levels of waste materials, 

such as solids (i.e., faeces and uneaten feed), ammonia, nitrite, and nitrate. In addition, the 

high respiration rates in intensively stocked aquaculture systems, combined with bacterial 

degradation of the organic load in the effluent, will typically lead to high dissolved carbon 

dioxide and lowered dissolved oxygen concentrations in the effluent. 

The largest land-based pāua farm in New Zealand is operated by Moana Ltd and is located on 

the coast near Ruakaka in the upper North Island (https://moana.co.nz/seafood/abalone/). The 

farm produces up to 50 t of pāua per year (2021), most of which is exported to Asia. The 

seawater for the pāua farm is brought ashore through a pipe which runs 605 m offshore from 

the coastline (WDC, 2011). Filtration and ultraviolet light disinfection systems remove 
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impurities from the seawater before it is circulated through the pāua farming system in which 

pāua are cultured in shallow tanks with continually flowing seawater. A proportion of the 

seawater is filtered and recirculated back to the culture system with the balance being 

discharged as effluent to the sea. 

The cultured pāua are fed on formulated food pellets that are mostly imported from South 

Africa (Abfeed®) and are made from a blend of fish meal, cereals, protein extract, with added 

minerals and vitamins. Using formulated diets helps to avoid abalone pests and parasites 

which can be brought into an aquaculture facility when wild-harvested seaweeds are used as 

feed (Fitzgerald, 2008). Also, formulated diets are readily stored dry and are available for 

feeding year-round, unlike wild seaweeds which are associated with seasonal variation in 

availability and nutritional properties (Rajauria, 2015). However, there are some negative 

aspects of using formulated diets for the abalone aquaculture, such as early sexual maturation 

(Lopez & Tyler, 2000; Jackson et al., 2001; Robertson-Andersson, 2007), shell deformation 

(Lopez & Tyler, 2000), a decrease in levels of some digestive enzymes which affects nutrient 

assimilation (Britz et al., 1996), and changes in fatty acid and sterol content of the resulting 

abalone meat which may have implications for human health when eaten (Dunstan et al., 

1996). Using formulated diets also results in reduced water quality and culture conditions 

compared to seaweed diets due to the more rapid leaching of nutrients from the formulated 

feed and the disintegration of the pellets into smaller uneaten fragments (FitzGerald, 2008). 

Consequently, feeding the pāua with formulated diets greatly increases the nutrient content of 

the effluent, particularly for nitrogenous compounds. 

1.3. Phycoremediation 

 What Is Phycoremediation? 

Phycoremediation is a compound word of “phyco-” which means “algae” and “remediation” 

which means “the act or process of remedying” (Merriam-Webster’s Collegiate Dictionary, 

n.d.), and collectively means the use of algae to remediate effluent. Effluent may contain 

degradable and non-degradable solids, as well as dissolved organic matter and nutrients which 

can be remediated or recovered from the effluent in various ways before it is discharged to 

receiving waters where it can cause eutrophication and algal blooms. Mechanical and physico-

chemical treatments are often used as they provide quick and effective treatment, but they are 

costly, and some may leave toxic residues in the effluent. Phycoremediation offers a more 

environmentally acceptable and potentially more economical alternative by utilising 
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macroalgae that can use sunlight energy to assimilate carbon dioxide and nutrients through 

photosynthesis. 

 Nutrient Uptake 

Marine macroalgae require essential elements (C, N, H, O, P) and trace amounts of Mg, Cu, 

Zn, and Mo for growth and reproduction. While some nutrients are assimilated as organic 

compounds, the majority are taken up in dissolved inorganic forms, especially ammoniacal-N 

(NH3-N), nitrite-N (NO2--N), and nitrate-N (NO3--N). Macroalgal assimilation of dissolved 

inorganic nitrogen is affected by its ionic form, temperature, water flow, light conditions, and 

the level of algal desiccation (Hurd et al., 2014). Dissolved forms of bioavailable phosphorus 

are collectively known as dissolved reactive phosphorus (DRP). The uptake of DRP by algae 

is influenced by light conditions, temperature, DRP concentration, and algal age (Mizuta et al., 

2003). Algae can assimilate carbon in the form of either carbon dioxide (CO2), bicarbonate 

(HCO3-), or carbonate (CO32-). In an aquaculture system, pH is reduced due to the CO2 

released through the respiration of cultured organisms and macroalgae. However, during the 

daytime when macroalgae are photosynthesising, they assimilate CO2 which reduces the 

potential for toxicity for aquaculture species from high levels of CO2 and low pH. 

 Integrated Multi-Trophic Aquaculture 

Integrated multi-trophic aquaculture (IMTA) is a term for aquaculture of multiple species at 

different trophic levels in the same space that relies in part on trophic transfers among the 

cultured species, i.e., the wastes of one species are recycled as the feed for another species. By 

promoting direct trophic transfer, the goal of IMTA is to increase overall productivity with 

reduced environmental impact. Due to their high nutrient affinity and fast growth, the use of 

macroalgae in IMTA systems is considered a promising approach to decrease nutrient 

discharges from aquaculture (Chopin et al., 2001; Neori et al., 2004). 

 South African Integrated Multi-Trophic Aquaculture, Co-Culture of Abalone and 

Macroalgae 

The South African abalone (H. midae) aquaculture industry began in the 1990s, (DAFF, 2018) 

and by 2016 was the third-largest producer of cultured abalone in the world after China and 

South Korea (Cook, 2016). For example, cultured abalone production in South Africa was 

only 181 t in 2000 and increased to 1,488 t by 2016. (DAFF, 2017). However, the growth of 

this industry was constrained by its dependence on wild-harvested kelp as feed. 
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Since the 1950s beach-cast kelp (Ecklonia maxima) has been collected in South Africa to 

make the industrial chemical compound, alginate (Anderson et al., 1989). From the late 1970s, 

kelp harvesting began for use in the production of seaweed-based fertilisers for crops 

(Kelpak®; Anderson et al., 2003). The demand for fresh wild-harvested kelp as feed for the 

South African abalone aquaculture industry increased rapidly to a total of about 6,000 t wet 

weight in 2003, which was considered to be the maximum sustainable yield (Troell et al., 

2006). Thus, the continued expansion of the abalone aquaculture industry required alternative 

feeds to be found. This led to research in two key areas, formulated feeds and cultured 

macroalgae feeds (Robertson-Andersson, 2009). Studies on culturing macroalgae to feed 

abalone in South Africa mainly targeted the sustainable production of macroalgae in land-

based abalone aquaculture farms. Two systems of IMTA were researched; 1) with the culture 

of Ulva lactuca in suspension either in the abalone effluent (flow-through IMTA system) 

(Robertson-Andersson, 2003; Robertson-Andersson et al., 2007) or 2) directly along with the 

abalone in a fully integrated partial recirculating system (recirculating IMTA system) 

(Robertson-Andersson, 2003; Robertson-Andersson et al., 2007) (see, Figure 1-1, Table 1-1).  

 

 

  

Figure 1-1. Integrated 

aquaculture of Ulva lactuca and 

abalone culture system at I & J 

abalone farm in South Africa 

(from Robertson-Andersson, 

2007). 
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Table 1-1. Implementation of Ulva lactuca culture in abalone aquaculture in South Africa. 

Culture 
Tank Culture system Stocking 

macroalgae density Type of water Initial nutrient 
concentration 

% Nutrient 
removal Growth rate Reference 

Outdoor 
aerated 
tank 
system (in 
suspension) 
 
5 × 1 m 
surface 
area and 
0.6 m deep 
(3,000 L) 

Weekly fertilised flow-
through 
(inflow stopped 
between 08:30-16:30) 
 
5- and 8-day hydraulic 
retention time 

Maximum nutrient 
removal at stocking 
macroalgae density 
of 420 g dry m-2 

 
(Maximum yield at 
stocking macroalgae 
density of 280 g dry 
m-2) 

Abalone 
effluent and 
fertilised 
during 08:30 – 
16:30 

~1 mg NH3-N L-1 
effluent inflow 
+weekly fertilised 
concentration 
81 mg NH3-N L-1 and 
55 mg DRP L-1 (N: P 
=2.05: 1) 

 

90% NH3-N 
during 
daytime 
 
80% NH3-N 
during the 
nighttime 

49 g dry m-2 d-1 

(summer) 
 
14 g dry m-2 d-1 

(autumn) 
 
17 g dry m-2 d-1 

(winter) 
 

Robertson-
Andersson 
(2003) 

Weekly fertilised flow-
through 
 
8-day hydraulic 
retention time 

Initial stocking 
density of 280 g dry 
m-2 

Abalone 
effluent and 
fertilised 
during 11:00 – 
13:00 

~1 mg NH3-N L-1 
effluent inflow 
+weekly fertilised 
concentration  
81 mg NH3-N L-1 and 
55 mg DRP L-1 (N: P 
=2.05: 1) 

80 % NH3-N 
77 % NO3--N 
76 % NO2--N 

26.6 g dry m-2 day-

1 (spring-summer) 
Robertson-
Andersson 
(2007) 

25% recirculated 
(macroalgae, abalone 
co-culture) 
 
1,500 L h-1 flow-
through 

Abalone 
effluent 

~1 mg NH3-N L-1 
effluent inflow  

38 % NH3-N 
65 % NO3--N 
49 % NO2--N 
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 Large-Scale South African Integrated Multi-Trophic Aquaculture Using Co-

Culture of Abalone and Macroalgae 

Over 1,000 t fresh weight of Ulva spp. was cultured at South African abalone farms in 2007 

for the production of abalone feed and partial effluent treatment (Bolton et al., 2009). South 

African abalone industry has been growing Ulva spp. in effluent from the flow-through 

abalone tanks since the 1990s in large-scale High Rate Algal Pond raceway system with 

paddlewheel mixing, with dimensions of 40 × 10 m and a depth of 0.5 – 0.75 m (Figure 1-2). 

One farm recirculates 50% of the outflow of the raceway system back to the abalone culture 

system and Ulva spp. with the daily growth, and dry weight of macroalgal production reported 

as 26.1 and 19.7 g m-2 d-1 in 2006 and 2007 respectively (Bolton et al., 2008). 

  

 High Rate Algal Ponds 

High rate algal ponds (HRAPs), were originally developed by Oswald and Gotaas (1957) for 

wastewater treatment and algal biomass production using microalgae rather than macroalgae 

(Benemann & Oswald, 1994; Craggs et al., 2011; Craggs et al., 2014; Oswald & Golueke, 

1960). Most wastewater treatment HRAP systems have water depth ranging from 0.2 to 1 m 

(Park, 2013), and water mixing is provided by a paddlewheel producing a horizontal water 

velocity of between 0.15 and 0.3 m s-1 (Craggs et al., 2003). HRAPs are single loop raceways 

(Figure 1-3) (Craggs et al., 2014). Organic and nutrient loading rate, water depth, hydraulic 

retention time, and horizontal water flow rate are the main factors that affect the performance 

of HRAPs (Craggs et al., 2014). 

 

Figure 1-2. High rate algal pond 

raceways using abalone 

aquaculture effluent to produce 

Ulva and Gracilaria to use as 

abalone feed in South Africa 

(from Bolton et al., 2006). 
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1.4. Attached Macroalgae Culture Systems 

An alternative phycoremediation system to a HRAP is an algal turf scrubber (ATS) which 

rather than growing macroalgae in suspension with the culture water mixed around a raceway, 

the macroalgae are grown attached to the bottom surface of a gently sloped flow-way down 

over which a shallow depth (<5 cm) of water flows. 

 Algal Turf Scrubbers 

ATSs were developed by Adey (1993) and Sládečková et al. (1983) as a nutrient scrubber for 

coral reef ecosystems based on studies of algal turf productivity in Caribbean coral reefs. The 

attached algal community is composed of attached filamentous macroalgae, with associated 

periphytic microalgae, and bacteria. Mesh is often used to provide an additional attachment 

surface to the bottom surface of the flow-way (Craggs et al., 1996). Regular harvesting of the 

turf rejuvenates the algal community and results in higher biomass growth by reducing self-

shading by the macroalgae and preventing the establishment of grazers (Adey et al., 2011). 

Therefore, harvest frequency is a significant factor affecting nutrient removal and biomass 

production rates (Adey & Loveland, 2011). Algal turf scrubbers have been used to treat 

aquaculture effluent, agricultural drainage water, and many different types of wastewaters 

(Figure 1-4). 

Figure 1-3. A 1.25 ha HRAP 

system operating at Christchurch, 

New Zealand (from Craggs et al., 

2014). 
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Initial investigations of floating mesh screens with attached macroalgae have been used to 

successfully measure the primary productivity of Caribbean coral reefs during the 1970s 

(Adey et al., 2011; Figure 1-5). Therefore, floating screen ATSs could be another option for 

aquaculture effluent treatment that combine elements of ATS and HRAP. 

1.5. The Selection of Macroalgal Species 

 Four Selection Criteria. 

The selection of particular macroalgae species to grow in the aquaculture effluent as part of an 

IMTA system may be important to improve treatment performance. The following four criteria 

(Neori et al., 2004) were used to select the macroalgae species used in this current study: 

i) Widely distributed indigenous species. 

Figure 1-4. A 0.25 ha 

domestic wastewater treatment 

ATS operating in California, 

USA (from Adey et al., 2011). 

Figure 1-5. Algal screens floating 

on the coral reef eastern 

Caribbean Sea (from Adey et al., 

2011). 
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ii) High productivity. 

iii) Nutritional value, when used as pāua feed. 

iv) Suitable morphology for in-situ land-based culture. 

Several different macroalgae were collected from drains and ponds containing effluent from 

the Moana Ltd’s pāua farm at Bream Bay in the upper North Island. Ulva spp. were identified 

as the most promising macroalgae to use in this experimental study based on the following 

assessment against the selection criteria. 

 Indigenous Species 

Ulva is a New Zealand indigenous genus with a wide distribution from the subtropical to 

subantarctic regions and from the high intertidal zone to subtidal habitats of 40 m depth 

(Adams, 1994; Chapman, 1956). Ulva spp. can therefore be cultured without biosecurity 

constraints and are relevant for use globally in other temperate regions where they are 

distributed (Valiela et al., 1997). Ulva spp. have broad tolerance to environmental conditions 

(Kjeldsen & Phinney, 1972) and are common fouling macroalgae (Schaffelke et al., 2006). 

 High Productivity 

Ulva spp. commonly proliferate in eutrophic temperate coastal waters worldwide (Nelson et 

al., 2015; Valiela et al., 1997). Ulva spp. blooms have been reported across New Zealand (De 

Winton et al., 1998; Hawes et al., 1992; Hawes & Smith, 1995; Hawes, 2001; Rowden et al., 

2012). The high productivity of Ulva spp. is characterised by their high growth and nutrient 

uptake rates, especially when grown on nitrogen-rich aquaculture effluent (Bolton et al., 

2009). 

 Nutritional Value as a Pāua Feed 

Ulva lactuca cultured in abalone effluent have substantially higher protein (and nitrogen) 

content than wild seaweed due to the greater availability of nitrogen in the effluent than in 

seawater, e.g., the mean protein composition of U. lactuca was 33.4% when cultured in 

abalone aquaculture effluent with high dissolved nitrogen content but was only 3.7 – 19.9% 

when harvested from the wild (Bolton et al., 2009; Robertson-Andersson, 2003; Robertson-

Andersson et al., 2007). Furthermore, two species of abalone (H. tuberculata and H. discus 

hannai) both grew faster (1.4 and 2.1 times faster respectively) when fed high-N U. lactuca 

algal biomass rather than low-N U. lactucadue to the higher protein content of the Ulva spp. 

(Shpigel et al., 1999). 
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 Suitable Morphology for In-situ Land-based Culture 

The simple undifferentiated morphologies of Ulva spp. make them more suitable for culture in 

land-based culture systems compared with larger macroalgal species with differentiated 

morphology, such as kelp. Ulva spp. are already cultured to treat and assimilate nutrients from 

aquaculture effluent from land-based facilities elsewhere (Ale et al., 2011; Copertino et al., 

2009; Hernandez et al., 2002). 

1.6. Aims of the Research 

The overall aim of the research presented in this thesis is to improve the current operation of 

New Zealand’s land-based pāua aquaculture to be more economically and environmentally 

sustainable by incorporating effective nutrient remediation of effluent using Ulva spp. culture 

and then to use the cultured Ulva spp. as a feed for pāua. This study will be the first to 

examine the potential to integrate Ulva spp. culture into a land-based aquaculture operation in 

New Zealand. This requires identifying a macroalgal culture system that enables the highest 

nutrient uptake and Ulva spp. biomass production. Three macroalgal culture systems were 

compared: 1) land-based suspended culture system with detached Ulva spp.; 2) land-based 

floating ATS culture system with attached Ulva spp., and; 3) land-based ATS culture system 

with attached Ulva spp. In order to determine the best culture system a series of the batch, 

semi-continuous and nutrient spiked semi-continuous culture experiments were conducted 

with the results of each experiment informing the next: 

i) The ability of Ulva spp. to grow and capture dissolved nutrients (ammoniacal-N (NH3-

N), nitrate-N (NO3--N), and dissolved reactive phosphorus (DRP)) and total 

phosphorus from pāua aquaculture effluent was compared for three culture systems 

operated as batch cultures (Chapter 2). 

ii) The ability of Ulva spp. to grow and capture ammoniacal-N, nitrate-N, and DRP from 

pāua aquaculture effluent was compared for the three culture systems operated as semi-

continuous cultures (Chapter 3). 

iii) The ability of Ulva spp. to grow and capture ammoniacal-N, nitrate-N, and DRP from 

pāua aquaculture effluent that was spiked with NH3-N and DRP was compared for the 

three culture systems operated as semi-continuous cultures (Chapter 4). 

iv) The potential to use Ulva spp. cultured in pāua aquaculture effluent as a feed for pāua 
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was tested at four different percentages of Ulva spp. replacement of the formulated 

pellet diet which is normally used in pāua aquaculture (Chapter 5). 
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Chapter 2. Batch Culture 

2.1. Introduction 

In this chapter, three batch culture systems were compared at mesocosm-scale for their ability 

to grow Ulva spp. and to capture ammoniacal-N, nitrate-N, and dissolved reactive phosphorus 

(DRP). The three batch culture systems were: i) suspended culture system – representing a 

high rate algal pond (HRAP) with detached Ulva spp.; ii) floating algal turf scrubber (ATS) 

culture system with attached Ulva spp., and; iii) land-based ATS culture system with attached 

Ulva spp. The results of the batch culture experiment will be used to inform the design of the 

next experimental step, the semi-continuous culture (Chapter 3) by indicating the appropriate 

hydraulic retention time (HRT). 

2.2. Materials & Methods 

 Experimental Setup 

The batch culture experiment was conducted over a total of 22 days, between 14 July 2020 and 

11 September 2020 (Austral winter season). The experiment consisted of five sets which were 

run over the following batch culture periods:  

• Set 1, 3 days: 14 – 17 July 2020 

• Set 2, 3 days: 23 – 26 July 2020 

• Set 3, 7 days: 28 July – 4 August 2020 

• Set 4, 6 days: 26 August – 1 September 2020  

• Set 5, 3 days: 8 – 11 September 2020 

Each set was ended on the day after both ammoniacal-N and DRP concentrations were 

undetectable in all replicates when measured at 17:00. 

 Three Macroalgae Culture Systems 

The batch experiment compared three different culture systems each in triplicate: i) suspended 

culture system with detached Ulva spp.; ii) floating ATS culture system with attached Ulva 

spp., and; iii) land-based ATS culture system with attached Ulva spp. (see, Figure 2-1). The 

three different culture systems, all had the same two-dimensional surface area (0.07 m2) in 

which macroalgae were exposed to direct sunlight. Triplicate controls for each culture system 

were also set up which consisted of the same culture system but without the presence of Ulva 
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spp. Collectively, this required a total of 18 replicate experimental 20 L buckets which were all 

initially filled with 15 L of 100% pāua farm effluent after it had passed through a settling pond 

to remove solids. Each experimental bucket was randomly placed in three large waterbath 

tanks which had continuous flow-through of ambient seawater (see, Figure 2-1 and Figure 

2-2). The purpose of having the waterbath tanks, which contained the experimental buckets, 

was to minimise the daily range between minimum and maximum temperatures to provide 

temperature conditions that were more representative of a full-scale culture system treating 

settling pond effluent. The outside of all experimental buckets was wrapped with silver 

reflective foil to prevent light from penetrating through sides of the buckets, so that light only 

came through the water surface. Thin transparent fishing lines were set up 10 – 20 cm above 

the cultures to prevent birds from sitting on the edges of the culture buckets and defecating 

which would add unintended nutrients to the experiments (Figure 2-2).  
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Figure 2-1. Diagram of randomised positions of buckets during the batch culture experiment. 

ATS means algal turf scrubber. 

Figure 2-2. An overall view of the batch culture experiment. Experimental buckets in 

waterbath tanks under bird deterrent lines. 
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 Culture System 1: Suspended Culture System with Detached Ulva spp. 

Young Ulva spp. that had a filamentous tube morphology were chopped into lengths shorter 

than 1 cm. An inoculum of Ulva spp. (5 g spun wet weight) was added to each of the 

suspended culture buckets (Figure 2-3A). This amount as a single layer covered about a 

quarter of the water surface of the bucket. Aeration (2 L air minute-1) was provided without an 

air diffuser at the bottom of each bucket to generate a water mixing speed of about 10 cm s-1. 

Controls did not have an Ulva spp. but were aerated. 

 Culture System 2: Floating ATS Culture System with Attached Ulva spp.  

Plastic mesh (mesh size see 2.2.3) that had been pre-seeded with Ulva spp. was harvested by 

scraping the surface with a flat acrylic plate to leave a standing crop of biomass and then the 

mesh was cut into 30 cm diameter discs (i.e., 0.07 m2) (Figure 2-3B). An air hose was fixed 

beneath the bottom side of the mesh to facilitate aeration and buoyancy of the mesh. Water 

was recirculated and sprayed onto the surface of the mesh through a central vertical pipe using 

a pump on the bottom of the bucket at a 10 L m-1 flow. The horizontal flow speed of water in 

the bucket was unable to be measured due to uneven distribution over the mesh. Controls used 

plastic mesh that had not been seeded with Ulva spp. 

 Culture System 3: Land-Based ATS Culture System with Attached Ulva spp. 

Plastic mesh (mesh size see 2.2.3) that had been pre-seeded with Ulva spp. was harvested by 

scraping the surface with a flat acrylic plate to leave a standing crop of biomass and was then 

cut into 20.5 × 34.5 cm (i.e., 0.07 m2) rectangular strips (Figure 2-3C). The mesh was laid out 

on a 6° tilted pāua tray made of fibreglass with a bucket under the lower end of the tray to 

collect the effluent water that was recirculated to the top end of the tray through a pipe 

manifold using a pump on the bottom of the bucket at a 10 L m-1 flow. This generated a 

horizontal water flow speed of about 40 cm s-1 running down the tray. Controls used plastic 

mesh that had not been seeded with Ulva spp. 
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Air bubble 
A 

C 

B 

Motor pump 

Motor pump 

Figure 2-3. Diagram of the macroalgae culture systems. Green, macroalgae; Red arrow, 

water flow. A, suspended culture system; B, floating algal turf scrubber culture system; 

C, land-based algal turf scrubber culture system.  
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 Pre-seeded Mesh Macroalgae Inoculum 

The Ulva spp. was initially established naturally on a fine nylon mesh (3 × 1.32 m; nylon; 

mesh size 500 μm) (Figure 2-4A) that was floated in a concrete-lined aquaculture effluent 

pond which received effluent water from the land-based pāua farm operated by Moana Ltd. 

However, the mesh that was used for the ATS cultures systems was changed after Set 1 of the 

batch culture experiment, due to the fragility of this fine mesh after prolonged exposure to 

direct sunlight. From Set 2 onwards the mesh material was changed to a more durable thicker 

mesh with a larger mesh size (≤2 mm) (Figure 2-4B).  

 Effluent Source 

Pāua aquaculture effluent was pre-treated by a rotating drum filter before discharge. The 

backwash from the drum filter had a high solids content which was treated in a settling pond, 

to remove the majority of solids before this settled effluent was then discharged while the 

settled solids were pumped to an anaerobic pond for further treatment. The settling pond 

effluent (surface water) was used as the inflow for the experiments after pumping from the 

pond through (Figure 2-5A) a 1 mm filter (Figure 2-5B).  

1 cm 1 cm 

Figure 2-4. Material used for algal turf scrubber during Set 1 of the batch culture experiment 

(A) and during the rest of whole research (B) (Set 2, 3, 4, and 5 during the batch culture 

experiment and whole semi-continuous culture experiment (Chapter 3) and spiked semi-

continuous culture experiment (Chapter 4)).  

A B 
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 Temperature, Dissolved Oxygen & pH 

Water temperature was measured using meters (WP-91, TPS Ltd, Australia) at all 18 

experimental replicate buckets. Dissolved oxygen level and pH was manually measured using 

a probe (WP-91, TPS Ltd, Australia) each day at 13:00 which was found to be close to the 

highest daytime temperature. A pH/temperature logger (HQ 40D, HACH, U.S.A) was used to 

measure pH every hour in the bucket of one of the land-based ATS because this would be most 

likely to show the largest variations due to the higher air-exposure area. 

 Precipitation, Evaporation & Salinity 

Precipitation and evaporation were calculated as total daily net rainfall (rainfall-evaporation) 

at 17:00 each day by measuring the water volume in a bucket which was kept for this purpose 

(31 cm inner diameter of the top) and which was 15 L on the previous day. After the 

measurement, excessive or insufficient water was adjusted back to 15 L. The change in the 

volume of water in the bucket was calculated using a change of depth. The bucket used was 

placed on the plain and unshaded ground. The salinity of water samples from every bucket was 

measured using a salinity refractometer (D-D True Seawater Refractometer, D-D The 

Aquarium Solution Ltd, U.K) once per day at 17:00. 

Figure 2-5. Settling pond with effluent pump to recover effluent for use in experiments (A) 

and, 1 mm filter to exclude solids from the effluent used in the experimental macroalgal 

culture systems (B). 

A B 
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 Solar Radiation 

Three photosynthetically active radiation loggers (Odyssey® photosynthetic irradiance 

recording system, Dataflow Systems Ltd, New Zealand) were used to measure light intensity 

(Figure 2-6). The loggers integrated light intensity every five minutes, and the values within a 

day were added to calculate total daily photosynthetically active radiation (solar radiation) 

measured as mol m-2 d-1. To understand how the light intensity at the water surface varied 

between each culture system, the PAR sensors were positioned in the centre of three empty 

buckets. The level of two sensors was placed at the water surface level of the 15 L of water in 

suspended and floating ATS systems. The other sensor was placed at 1 cm above the top of the 

bucket for complete exposure of the sensor to light similar to the surface of the land-based 

ATS. The surfaces of the sensors were cleaned more than three times a week using a 

toothbrush to remove any dust on them which could otherwise affect the loggers’ readings. 

 Identification of Macroalgae 

Macroalgal species used in this experimentation were identified to genus but not species level 

(Ulva spp.) because of the difficulty in distinguishing among species within this genus which 

typically requires molecular genetic characterisation (Dr Wendy Nelson, National Institute of 

Water and Atmospheric Research, pers. comm.) which was beyond the scope of this research. 

 Analyses 

 Biomass Growth & Macroalgae Sampling 

Macroalgal biomass in all culture systems was initially observed (amount, colour, and 

contamination) and photographed. Macroalgae in the suspended culture system were harvested 

A B 

Figure 2-6. Photosynthetically active radiation sensors placed in buckets to log total daily solar 

radiation at the water level in each of the macroalgae culture systems. A, top view; B, side view. 
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using a net, and macroalgae on the ATS were harvested by scraping the surface of the ATS 

mesh with an acrylic plate to remove all erect macroalgae whilst leaving basal holdfast 

material for regrowing. It was assumed that the quantity of basal material remaining after 

scraping was equivalent for each harvesting event. The harvested macroalgal biomass was 

then spun using a spin drier and the wet weight measured (spun wet weight). After weighing 

the spun wet weight of macroalgae from each replicate was measured, either all or a 

subsample (5 g) of the harvest were rinsed with reverse osmosis water to remove salt residue 

and impurities from the macroalgae. Then the macroalgae samples were dried in an oven at 

80 ℃ overnight and weighed again to provide a dry to wet weight conversion factor. Dry 

weight was always used for presenting or analyses of data, such as biomass production rate 

(also, called growth rate) (g m-2 d-1) and growth rate per initial biomass (g m-2 d-1 initial g-1). 

Wet weight initial biomass on ATSs (i.e., biomass left after the harvest), could be calculated by 

subtracting the wet weight of the plastic mesh used in the ATS (which was weighed at the 

outset of the research prior to macroalgae growing on it) from the wet weight of the ATS with 

macroalgae, then it could be converted to the dry weight initial biomass using each dry to wet 

weight conversion factor. All means were presented with ±standard deviation. Wet weight 

initial biomass in the suspended culture system could be estimated from the total wet weight of 

macroalgae after it had been spun dry and then using a dry weight conversion factor. Some of 

sampled macroalgae were observed using a microscope to check for contamination with other 

macroalgae species and differences in morphology of Ulva spp. 

 Nutrient Removal 

Nutrient concentration of water samples was measured with the indophenol method for 

ammoniacal-N and the ascorbic acid method for DRP using a microplate reader (SpectraMax 

190, Molecular Devices), and with the cadmium reduction method (HACH powder pillows) 

for nitrate-N using a spectrophotometer (DR 2700TM Portable Spectrophotometer, HACH). 

Samples of seawater destined for nutrient analyses were passed through a 1.0 µm glass fibre 

syringe filters to remove solids.  

The concentration of ammoniacal-N and DRP were measured at the beginning of an 

experiment and late in the day (17:00) daily. Each set was ended on the next day of the day 

when both ammoniacal-N and DRP concentrations were undetectable in all experimental 

replicates when measured at 17:00. The minimum detectable concentration for ammoniacal-N 

was 0.10 mg NH3-N L-1 and DRP was 0.10 mg DRP L-1. 
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Nitrate-N concentrations can fluctuate due to nitrifying bacteria activity, and nitrate-N is 

typically not used by macroalgae (including Ulva spp.) if ammoniacal-N is present (Cohen and 

Fong, 2004; Bracken & Stachowicz, 2006; Vonk et al., 2008; Ale et al. 2011). Consequently, 

nitrate-N was not measured as frequently as ammoniacal-N. The concentration of nitrate-N 

was measured at the onset of each experimental set and at 17:00 daily after day 1 of the 

experiment. The minimum detectable concentration of nitrate-N was 0.3 mg NO3--N L-1. 

The concentration of total phosphorous (TP) was measured in Set 2 and Set 5 using the 

Valderrama method which involves reducing the phosphate to orthophosphate ions which in 

turn reduced to molybdenum blue which was then measured on a spectrophotometer 

(Valderrama, 1981). Most samples were taken from buckets at the beginning and end of each 

set without additional filtration. The samples for TP analyses were stored in clean Schott glass 

bottles and kept at -80 ℃ until they were analysed. To completely remove any nutrient 

residue, the water sample containers and syringes were cleaned using Decon 90TM detergent 

then 5% hydrochloric acid solution (Dr Maria Mugica, the University of Auckland, pers. 

comm.). 

 Statistical Analyses 

The nutrient removal rate was calculated by subtracting the final nutrient concentration from 

the initial nutrient concentration and then dividing by the number of intervening experimental 

days. The nutrient removal rate, temperature, and solar radiation among culture systems were 

assessed and compared using one-way ANOVA. Prior to the analyses, all data were assessed 

for normality using Shapiro-Wilk’s test and homogeneity of variance using Levene’s test to 

ensure data conformed to the parametric assumptions required for ANOVA. The nutrient 

removal rate of TP was assessed with pairwise comparisons of means using Student’s t-tests. 

All means were presented with ±standard deviation. 

2.3. Results 

 Environmental Factors 

The maximum daily water temperature ranged from 14.0 to 21.9 ℃ during the whole batch 

culture period (5 sets) and was similar within culture systems (F(2,78) =1.01, P =0.37) and 

among the systems and their respective controls (F(5,156) =0.56, P =0.73) (Figure 2-7A). The 

mean maximum daily water temperature was 17.5 ±1.6 ℃ (Figure 2-7A). The mean of the 

minimum daily water temperature among the culture systems significantly differed (F(2,78) 
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=17.56, P <0.0001) with the highest being in the floating ATS culture system, 14.1 ±0.8 ℃, 

then the land-based ATS culture system 13.0 ±1.0 ℃, and then the suspended culture system, 

12.6 ±0.9 ℃. There was a significant difference in the mean minimum daily water temperature 

between the culture systems and the controls (F(5,156) =12.32, P <0.0001). The mean daily 

water temperature ranged from 12.7 to 17.2 ℃ during the whole batch culture period (5 sets) 

and was significantly different within culture systems (F(2,78) =11.39, P<0.0001) and among 

the systems and their respective controls (F(5,156) =11.39, P<0.0001). The mean daily water 

temperature of the three culture systems was 15.0 ±0.9 ℃. 

Total daily solar radiation tended to be higher in the land-based ATS culture system (mean 

0.114 ±0.062 mol m-2 d-1) compared with that of the suspended culture system and floating 

ATS culture systems (mean 0.103 ±0.055 mol m-2 d-1) but it was not significantly different 

(F(1,52) =0.50, P =0.48) (Figure 2-7B). 

There were five major rainfall events during the whole experiment, two during Set 1, two 

during Set 3 and one in Set 5, with the highest total daily net rainfall on the actual culture 

system area (3 L d-1 on the 0.07 m2 surface area of the buckets) occurring during Set 1 (Figure 

2-7C). 

The daily pH of the land-based ATS replicate with continuous pH measurement ranged from 

8.10 to 9.01 (mean 8.31 ±0.17) (Figure 2-8A). The mean daily fluctuation of pH was 0.53 

±0.22 in Set 1, 0.23 ±0.05 in Set 2, 0.36 ±0.09 in Set 3, 0.24 ±0.07 in Set 4, and 0.20 ±0.10 in 

Set 5. The mean temperature was 14.7 ±1.9 ℃ (Figure 2-8B). pH and temperature showed a 

proportional relation. 
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Figure 2-7. Environmental factors measured during the batch culture experiment. A, 

maximum and minimum water temperature; B, total daily solar radiation; C, total daily net 

rainfall on the actual culture system area (rainfall-evaporation). S, suspended culture system; 

F, floating ATS culture system; L, land-based ATS culture system; c, control. 
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Figure 2-8. Daily variation of culture pH (A) and temperature (B) of water in one of the land-based 

ATS replicates during the semi-continuous culture experiment. 
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 Nutrient Concentration 

In general, little removal of ammoniacal-N occurred in the control cultures of each of the 

culture systems during all the sets of the experiment (Figure 2-9). By comparison, 

ammoniacal-N concentration rapidly declined in all experimental cultures, and removal was 

fastest in both types of ATS systems (taking 0 – 3 days) compared with 1 to 6 days in the 

suspended culture system. The ammoniacal-N removal was not complete in the suspended 

systems during the 6 days of Set 4 (0.18 ±0.05 mg NH3-N L-1) which had the highest initial 

ammoniacal-N concentration (1.44 mg NH3-N L-1) compared with the mean initial 

concentration of all sets (0.94 ±0.27 mg L-1). The final ammoniacal-N concentration was 

significantly different among three culture systems in Set 3 (F(2,6)=13.81, P =0.006) and Set 4 

(F(2,6) =15.74, P =0.004). The final ammoniacal-N concentration between the experimental 

systems and their respective controls were significantly different throughout the batch culture 

experiment (F(5,84) =21.69, P <0.0001). 

Ammoniacal-N removal rate for the culture systems operating in batch culture was not 

significantly different among the culture systems (F(2,12) =0.32, P =0.73) (Table 2-1). The 

highest ammoniacal-N removal rate of each culture system was shown at Set 5 (initial 

concentration 0.89 mg NH3-N L-1): 1.78 ±0.00 mg NH3-N L-1 d-1 (highest) in the floating ATS 

culture system; 1.30 ±0.68 mg NH3-N L-1 d-1 in the land-based ATS culture system, and; 1.19 

±0.42 mg NH3-N L-1 d-1 (lowest) in the suspended culture system. The lowest ammoniacal-N 

removal rate of each culture system was shown at Set 4 (initial concentration 1.44 mg NH3-N 

L-1 which was the highest initial concentration in total five sets): 0.21 ±0.01 mg NH3-N L-1 d-1 

in the suspended culture system; 0.48 ±0.00 mg NH3-N L-1 d-1 in the floating ATS culture 

system, and; 0.56 ±0.11 mg NH3-N L-1 d-1 in the land-based ATS culture system). 

The mean initial concentration of nitrate-N was higher than that of ammoniacal-N (i.e., 1.56 

±0.32 mg NH3-N L-1(Figure 2-9)) ranging from 1.1 to 2.1 mg NO3--N L-1 (in Set 3 and Set 1 

respectively) (Figure 2-10). Nitrate-N removal was not significantly different among the three 

culture systems (F(2,42) =0.10, P =0.91) and between the experimental systems and their 

controls (F(5,84) =0.11, P =0.99). Nitrate-N was never completely removed from any of the 

three culture systems with an mean final concentration for all replicates and sets of 1.05 ±0.22 

mg L-1 which ranged from 0.7 ±0.1 to 1.3 ±0.2 mg L-1 (in Set 1 and Set 4 respectively). 
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Figure 2-9. NH3-N concentration of water during the batch culture experiment (c means 

control; D# is the day of each Set). A, suspended culture system; B, floating ATS culture 

system; C, land-based ATS culture system.  
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Table 2-1. Mean ammoniacal-N removal rate during the batch culture experiment. 

Set 

Inflow 
ammoniacal-N 
concentration 
(mg NH3-N L-1) 

Mean ammoniacal-N removal rate (mg NH3-N L-1 d-1 ±s.d.) 

Suspended 
culture system 

Floating ATS 
culture system 

Land-based 
ATS culture system 

1 0.89 ± 0.00 0.89 ±0.00 0.74 ±0.21 0.89 ±0.00 

2 0.64 ± 0.00 0.64 ±0.00 0.53 ±0.15 0.43 ±0.15 

3 0.83 ± 0.00 0.25 ±0.03 0.69 ±0.20 0.83 ±0.00 

4 1.44 ± 0.00 0.21 ±0.01 0.48 ±0.00 0.56 ±0.11 

5 0.89 ± 0.00 1.19 ±0.42 1.78 ±0.00 1.30 ±0.68 
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Figure 2-10. NO3--N concentration of water during the batch culture experiment (c means 

control; D# is the day of each Set). A, suspended culture system; B, floating ATS culture 

system; C, land-based ATS culture system. 
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The mean initial TP concentration was 0.25 ± 0.00 mg L-1 (Set 2) and 0.19 ± 0.0 mg L-1 (Set 5) 

and decreased in all culture systems and controls between measurements (Table 2-2). The 

decrease in TP for the controls was as much as for their respective experimental groups, except 

for the floating ATS culture system where in both Set 2 and 5 TP decreased less in the control 

than in the experimental floating ATS culture systems. There was no difference in TP removal 

among culture systems and controls during Set 2 (F(5,17) =2.38, P =0.10). In Set 5 there were 

differences in TP removal among culture systems and controls (F(5,17) =30.42, P =0.0001). Only 

the floating ATS had significantly higher TP removal than its respective control. Both the 

floating and land-based ATS culture systems had higher TP removal than the suspended culture 

system (79% removal) (84% in the land-based ATS culture system; 79% in the floating ATS 

culture system; 32% in the suspended culture system). 

The concentration of DRP was below the limit for detection during all 5 Sets of the 

experiment. 
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Table 2-2. The mean total phosphorus concentration of water in the batch culture experiment for three different macroalgal culture systems and their 

corresponding controls. S, suspended culture system; F, floating ATS culture system; L, land-based ATS culture system; c, control. 

Set D+day 
Mean concentration of total phosphorus (mg L-1 ±s.d.) 

S  Sc F  Fc L  Lc 

2 

0 0.25 ±0.00 - NS - 0.25 ±0.00 0.25 ±0.00 - NS - 0.25 ±0.00 0.25 ±0.00 - NS - 0.25 ±0.00 

 t4 =4.43,  
P =0.011 

 t4 =12.71,  
P <0.001 

t4 =12.28,  
P <0.001 

 t4 =8.95,  
P <0.001 

t4=3.06,  
P <0.04 

 t4 =25.05,  
P <0.0001 

2 0.18 ±0.02 - NS - 0.16 ±0.01 0.11 ±0.02 t4 =-4.21,  
P <0.015 0.17 ±0.01 0.15 ±0.05 - NS - 0.17 ±0.00 

5 

0 0.19 ±0.00 - NS - 0.19 ±0.00 0.19 ±0.00 - NS - 0.19 ±0.00 0.19 ±0.00 - NS - 0.19 ±0.00 

 t4 =5.50,  
P <0.001 

 t4 =3.76,  
P =0.002 

t4 =33.05,  
P <0.0001 

 t4 =29.17,  
P <0.0001 

t4 =79.54,  
P <0.0001 

 t4 =28.15,  
P <0.0001 

1 0.13 ±0.02 - NS - 0.14 ±0.02 0.04 ±0.01 t4 =-7.36,  
P <0.002 0.09 ±0.01 0.03 ±0.00 - NS - 0.05 ±0.01 
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 Macroalgal Growth 

The suspended system had much higher initial biomass and consequently (with the exception 

of Set 4) much higher final biomass, e.g., 1.2 ±1.2 g dry weight during Set 2 (Figure 2-11A). 

The highest final biomass of the floating ATS was 0.4 ±0.0 g dry weight measured during Set 

4. The highest final biomass of the land-based ATS was also 0.4 ±0.1 g dry weight but 

measured during Set 3. The initial biomass of both ATS culture systems was not measured 

during Set 1 due to the very low biomass present at the time. 

The suspended culture system typically had the highest growth rate (except during Set 4 when 

the macroalgae died), e.g., 3.2 ±0.2 g m-2 d-1 during Set 2 (Figure 2-11B). In comparison, the 

highest growth rates in the floating and land-based ATS culture systems were only 1.3 ±0.5 g 

m-2 d-1 and 1.2 ±0.1 g m-2 d-1 respectively measured during Set 1. However, the growth rate per 

initial biomass was higher for both ATS culture systems, and slightly higher for the floating 

ATS for example 1.6 ±0.2 g m-2 d-1 initial g-1 measured during Set 4 (Figure 2-11). The highest 

growth rate per initial biomass of the land-based ATS was 1.3 ±0.3 g m-2 d-1 initial g-1 

measured during Set 3, whereas the highest growth rate per initial biomass of the suspended 

system was only 0.6 ±0.5 g m-2 d-1 initial g-1 measured during Set 2. Death of the macroalgae 

in the suspended system that occurred during Set 4 resulted in a negative growth rate per 

initial biomass (-0.03 ±0.02 g m-2 d-1 initial g-1). The growth rates per initial biomass of both 

floating and land-based ATS were not calculated during Set 1 because the initial biomass was 

not measured.  
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Figure 2-11. Initial and final algal biomass (g dry weight) (A) and algal growth rate (g m-2 d-1 

(B) and g m-2 d-1 g-1 initial biomass (C)) measured in the macroalgal culture systems 

(suspended culture system ( ); floating ATS culture system ( ); land-based ATS culture 

system ( )) during the batch culture experiment. Values are means ±standard deviation of 

triplicates. Initial algal biomass of floating ATS and land-based ATS during Set 1 was not able 

to be measured due to the small biomass. 
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 Macroalgae Species 

The batch culture experiment was initiated with Ulva spp. collected from the effluent drain 

system of the Moana Ltd pāua aquaculture facility. The morphologies of the Ulva spp. were 

diverse, including ruffled, flat ribbed, and fine filaments, but they all had a tubular thallus, 

which had two layers (Figure 2-12) and a very similar structure of cells (Figure 2-13B). Two 

main species of macroalgae were observed, a dominant Ulva spp. (Figure 2-12) and a less 

dominant Cladophora sp. (Figure 2-14). A few diatoms were also observed in suspension in 

the water of the three culture systems (Figure 2-15).  

  

Figure 2-12. Diverse morphologies of tubular 

Ulva spp.: ruffled (A), flat ribbed (B), and fine 

filaments (C) used to seed the experimental 

cultures. 

A B 

C 
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50 µm 100 µm 

50 µm 

A B 

C 
Holdfast 

Figure 2-13. Microscopic photographs of Ulva spp. the dominant macroalgae found in the 

culture systems. A, B: healthy green thallus that established on the floating and land-based 

ATS culture systems; C, D: unhealthy bleached (seen as transparent to yellowish with the 

naked eye) thallus with dead (empty) cells.  

D 

50 µm 
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100 µm 

A 

50 µm 

B 

Figure 2-14. Microscopic photographs of Cladophora sp. a less dominant macroalgae found in 

the culture systems. 

50 µm 

Figure 2-15. Microscopic photograph of 

diatoms intermittently found in the culture 

systems. 
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 Culture System Operation 

In the suspended culture system some tubular thalli of Ulva spp. trapped air bubbles from the 

aeration which caused the Ulva spp. to float and aggregate in areas of lower mixing or on the 

bucket wall where they had been lifted out of the water by the bubbling. 

In the floating ATS culture system, due to the empty spaces between the mesh, the pumped 

water did not evenly spread over and flow down the mesh surface but passed directly through 

the mesh. 

In comparison, the land-based ATS culture system operated as planned. 

Macroalgae did not attach and fully establish on the two types of ATS until the end of the 

batch culture experiment (Figure 2-16). None of the control cultures grew any macroalgae. 

There was some attached diatom growth on the inner surface of the buckets and both ATSs in 

both experimental and control treatments. 
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Figure 2-16. Three macroalgal culture systems (1st column, suspended culture system; 2nd column, floating ATS culture system; 3rd column, land-based ATS 
culture system) on the final day of Set 5 during the batch culture experiment (11 September 2020). 1st row, experimental groups; 2nd row, control groups. 

A B C 

D E F 
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2.4. Discussion 

The initial batch culture experiments showed that all three culture systems were able to treat 

pāua farm effluent and grow macroalgal biomass. All culture systems typically completely 

removed the initial ammoniacal-N (<1.5 mg L-1), taking 1-6 days in the suspended culture 

system but only 0 – 3 days in both floating and land-based ATS culture systems despite far less 

initial macroalgal biomass in the ATS culture systems. The low ammoniacal-N removal in the 

suspended culture system during Set 4 was probably related to the decreased biomass growth 

(Figure 2-11) and may have been a result of the lower minimum daily water temperature 

recorded in this culture system (Figure 2-7A). The ammoniacal-N concentration was not 

reduced in controls without macroalgae, which indicates that ammonia volatilisation did not 

occur and nitrifying bacteria did not establish in the culture systems. Therefore, ammoniacal-N 

removal in the experimental culture systems was likely due to uptake by the macroalgae. 

There is no previous study that used exactly the same macroalgal culture systems as the 

present batch culture experiment. A related laboratory study cultured U. lactuca in a 3 L flask 

for two weeks using 25 °C fishpond effluent under fluorescence light (~80 μmol m-2 s-1) 

(Msuya & Neori, 2008). The culture began with effluent containing 2.5 mg NH3-N L-1, 14.0 

mg total inorganic nitrogen (NH3-N and NO3--N) L-1, and 7.5 mg DRP L-1 without further 

addition of nutrient. The water in the flask rotated around the flask wall at 27.5 cm s-1. Initial 

dry weight biomass of 82.5 g m-2 of U. lactuca achieved a biomass yield of 8.0 g m-2 d-1.  

The suspended culture system in the present batch culture experiment, which is the most 

similar to the previous study, achieved 3.2 g m-2 d-1 biomass yield (i.e., 2.5 times smaller) with 

initial dry weight biomass of 7.1 g Ulva spp. m-2. There are many possible reasons for the 

lower biomass yield in the present study, including: 1) lower nutrient concentration in the 

initial culture water (0.64 mg NH3-N L-1, 1.5 mg NO3--N L-1, and 0 mg DRP L-1); 2) lower 

water velocity (10 cm s-1 by air bubbling), and; 3) lower temperature conditions. Within an 

appropriate range (i.e., below the optimal range), macroalgal biomass yield will increase at a 

higher nutrient concentration (Hurd et al., 2014) and greater water movement (Hurd, 2017; 

Barr et al., 2008). 

Nitrate-N was not completely removed in any of the culture systems with a concentration of 1 

mg NO3--N L-1 remaining in all three culture systems even 3 days after all ammoniacal-N was 

removed. Ammoniacal-N and TP removal were faster in the ATS culture systems than in the 

suspended culture system despite lower initial biomass and biomass production in the ATS 
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culture systems. 

The suspended culture system had the greatest final algal biomass and highest growth rate 

(Figure 2-11A, B), but this was likely because they also had the highest initial algal biomass. 

When the initial biomass was considered, both the floating and land-based ATS culture 

systems had a higher growth rate per initial biomass than the suspended culture system (Figure 

2-11C) in experimental Set 3, 4, and 5. Dispersal of the macroalgae within the three-

dimensional volume of the suspended culture systems may have resulted in greater shading 

and lower light availability which could have contributed to the slower comparative growth 

than the macroalgae in the two-dimensional ATS culture systems. Alternatively, the flow 

regime provided by actively continuously pumping effluent over the macroalgae may have 

served to improve the surface contact of thalli with available dissolved nutrients. 

While there was little difference in the maximum water temperature measured in the 

experimental culture systems and controls (Figure 2-7A), there was a difference in the 

minimum water temperature. In particular, the minimum water temperature of the floating ATS 

culture system (14.0 ±0.8 ℃) was higher than those of the land-based ATS (13.0 ±1.1 ℃) and 

the suspended culture system (12.7 ±0.9 ℃). The higher minimum water temperature of the 

floating ATS culture system may have been caused by the floating ATS providing some 

insulation to the culture which could have retained heat generated from the continually 

operating pump and maintained a higher night-time minimum temperature (which was 

observed in the data).  

The higher total daily solar radiation was measured in the land-based ATS system (mean 0.114 

±0.062 mol m-2 d-1) compared with that of the suspended culture system and floating ATS 

culture system (both mean 0.103 ±0.055 mol m-2 d-1) (Figure 2-7B) was due to less shading of 

the surface area of the land-based ATS system. Both the suspended culture system and floating 

ATS culture system had a 14.5 cm high wall above the water surface in the buckets, while the 

land-based ATS culture system only had 4 cm walls on two sides. 

In conclusion, the initial inflow nutrient concentration (<1.5 mg NH3-N L-1 and ≤2.1 mg NO3--

N L-1) was well treated by all culture systems within three days in most batch culture 

experiments. These results indicate that all three culture systems can treat the effluent 

effectively at a 3-day hydraulic retention time (HRT). So, 3-day HRT was selected for the 

following semi-continuous culture experiment. 
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Chapter 3. Semi-Continuous Culture 

3.1. Introduction 

Semi-continuous culture experiments were conducted using the same three culture systems 

tested in the batch culture experiments (Chapter 2). Since ammoniacal-N was completely 

removed by all three culture systems within 2 – 4 days in the previous batch culture 

experiment (Chapter 2), these semi-continuous culture experiments were initially conducted 

using a 3-day hydraulic retention time (HRT). These semi-continuous culture experiments will 

confirm the results of the batch culture experiments under operating conditions that are more 

similar to a full-scale system. 

3.2. Materials & Methods 

All materials and methods were the same as for the previous batch culture experiment (section 

2.2) except for the following modifications to experimental procedures. 

 Experimental Setup 

The semi-continuous culture was achieved by partial daily exchange of the effluent in the 

experimental buckets with fresh effluent (Section 3.2.4). The semi-continuous culture 

experiment was conducted for a total of 52 days, 11 September – 3 November 2020 (Austral 

spring season) and consisted of three sets each with operation at a different HRT: 

• 3 days (20 days: 11 September – 1 October 2020) 

• 2 days (13 days: 01 October – 14 October 2020) 

• 1 day (19 days: 15 October – 3 November 2020) 

 

 No Controls 

The three macroalgal culture systems were all tested in triplicate, but controls without 

macroalgae were omitted since the main nutrient of concern (ammoniacal-N) was not removed 

in the controls of any of the algal culture systems in the previous batch culture study (Figure 

3-1). 

 Water Quality Analyses 

Each day samples were taken for water quality analyses at midday during 3-day HRT, morning 
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to midday during 2-day HRT, and midday to evening during 1 day-HRT. Dissolved reactive 

phosphorus (DRP) concentration was not measured due to previous low concentrations 

(undetectable) during the batch culture experiment. 

 Effluent Exchange 

During the experiment, each day, after the water quality samples had been taken, the water 

volume in all experimental buckets was adjusted to 15 L by either removing excess volume 

(following rainfall) or adding a reverse osmosis water (to make up for evaporation). Then, 

depending on the HRT at which the algal culture systems were being operated, a volume of the 

bucket water was removed and exchanged with an equal volume of fresh effluent as below: 

HRT (day) Volume Exchanged (L) 

3  5.0 

2  7.5 

1 15.0 

 Algae Inoculum 

The semi-continuous culture experiment used the same macroalgae seeded mesh and 

suspended Ulva spp. that had grown up in the previous batch culture experiment. 

 Statistical Analyses 

Differences in measures of mean macroalgal growth and nutrient concentrations among the 

North 

 

 

 
 

 
 

Land-based ATS 

Floating ATS 

Suspende

Outflow of bath water 

Inflow of bath water 

S 

F 

Waterbath 1 Waterbath 2 Waterbath 3 

S3 

S2 

S1 
F1 

F2

F3 

Figure 3-1. Diagram of randomised positions of buckets during the semi-continuous culture 

experiment. ATS means algal turf scrubber. 
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different culture systems were assessed using one-way ANOVAs. Prior to the analyses, all data 

were assessed for normality using Shapiro-Wilk’s test and homogeneity of variance using 

Levene’s test to ensure data conformed to the parametric assumptions required for ANOVA. 

3.3. Results 

 Environmental Factors 

The maximum daily water temperature ranged from 16.2 to 28.1 ℃ during the whole semi-

continuous culture experiment and was similar for all three culture systems (F(2,159) =1.38, P 

=0.25) (Figure 3-2A). Overall, the mean maximum daily water temperature was 21.4 ±2.3 ℃. 

The minimum daily water temperature was higher in the floating algal turf scrubber (ATS) 

culture system than in the land-based ATS culture system and the suspended culture system 

(Figure 2-7A) (respective means: 15.1 ±1.7 ℃; 13.8 ±2.0 ℃; 13.4 ±1.8 ℃ (F(2,159) =12.91, P 

<0.0001). The mean daily water temperature ranged from 13.7 to 22.1 ℃ during the whole 

semi-continuous culture experiment and was significantly different between the three culture 

systems (F(2,159) =7.98, P =0.0005). 

The total daily solar radiation tended to be higher in the land-based ATS culture system (mean 

0.249 ±0.066 mol m-2 d-1) compared with that of the suspended and floating ATS culture 

systems (mean 0.237 ±0.063 mol m-2 d-1) but not significantly (F(1,106) =0.80, P =0.37) (Figure 

3-2B) as was also found in the previous batch culture experiment (Figure 2-7B). 

There were 10 major rainfall events during the semi-continuous culture experiment, five 

during the 3-day HRT period, four during the 2-day HRT period, and one during the 1-day 

HRT period (Figure 3-2C). The mean total daily net rainfall was -0.1 ±0.4 L 0.07 m-2 d-1. 

Continuous daily pH monitoring of one of the land-based ATS replicates ranged from 6.79 to 

9.95 (mean 8.19 ±0.56) (Figure 3-3A). Shorter HRT periods for the experimental cultures was 

associated with greater overall mean diurnal variation in pH (mean during 3-day HRT period, 

0.60 ±0.35; 2-day HRT period, 0.95 ±0.32; 1-day HRT period, 2.11 ±0.61). The mean 

temperature was 16.9 ±3.4 ℃ (Figure 3-3B). pH and temperature showed a proportional 

relation as was also found in the previous batch culture experiment (Figure 2-8).
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Figure 3-2. Environmental factors measured during the semi-continuous culture experiment. 

A, maximum and minimum water temperature; B, total daily solar radiation; C, total daily net 

rainfall on the actual culture system area (rainfall-evaporation). S, suspended culture system; 

F, floating ATS culture system; L, land-based ATS culture system. 
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Figure 3-3. Daily variation of culture pH (A) and temperature (B) of water in one of the land-

based ATS replicates during the semi-continuous culture experiment. The period of data loss 

was due to the limited memory of the water quality meter. 
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 Nutrient Concentration 

The mean concentration of ammoniacal-N in the effluent inflow over the course of the semi-

continuous culture experiment was 1.23 ±0.68 mg NH3-N L-1 but was quite variable ranging 

from 0.21 to 1.53 mg NH3-N L-1 (Figure 3-4A). Most ammoniacal-N was consumed within 1 

day even during periods when influent concentration was temporarily high (2.96 and 4.53 mg 

NH3-N L-1). However, removal of ammoniacal-N was not different among the three culture 

systems (F(2,159) =2.77, P =0.07) (discharge ammoniacal-N concentration: the suspended 

culture system, 0.08 ± 0.16 mg NH3-N L-1; the floating ATS culture system, 0.04 ±0.11 mg 

NH3-N L-1; the land-based ATS culture system, 0.03 ±0.10 mg NH3-N L-1). Throughout the 

semi-continuous culture experiment, the mean % reduction of ammoniacal-N (within one day) 

was 94.1% in the suspended culture system, 98.1% in the floating-ATS culture system, and 

99.1% in the land-based ATS culture system. 

The mean concentration of nitrate-N in the inflow over the course of the experiment was 2.35 

±3.24 mg NO3--N L-1 and ranged from 1.0 to 20.7 (Figure 3-4B and Figure 3-4C). Nitrate-N 

was mostly removed within 1 day (>1.1 mg NO3--N L-1) without significant differences among 

the three culture systems (F(2,106) =0.09, P =0.91) (discharge nitrate-N concentration: the 

suspended culture system, 1.13 ±0.17 mg NO3--N L-1; the floating ATS culture system, 1.15 

±0.22 mg NO3--N L-1; the land-based ATS culture system, 1.14 ±0.19 mg NO3--N L-1) even 

after four periods of high concentration (4.6, 8.6, 20.7, and 7.7 mg NO3--N L-1) (the two 

highest concentrations occurred at the same time as those of ammoniacal-N (Figure 3-4A, B)). 
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Figure 3-4. Nutrient concentration (mean ±standard deviation) of water during the semi-

continuous culture experiment. A, NH3-N; B, NO3--N; C, NO3--N with ≤5.0 mg L-1 axis. 
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 Macroalgal Growth 

The highest final biomass was measured in the land-based ATS culture system throughout the 

semi-continuous culture experiment (Figure 3-5A). In the land-based ATS culture system, the 

final biomass ranged from 6.5 ±1.5 g (3-day HRT period) to 17.0 ±1.5 g (1-day HRT period) g 

dry weight. The final biomass was greater than the initial biomass in all culture systems, only 

except for the floating ATS culture system (mean -2.4 ±0.5 g) during the 2-day HRT period. 

The land-based ATS had the highest macroalgal mean growth rate of 8.9 ±0.8 g m-2 d-1 during 

the 1 day HRT period (Figure 3-5B). In the previous batch culture experiment, the highest 

mean growth rate was in the suspended culture system, but this was only 3.2 ±0.2 g m-2 d-1 

(Figure 3-5B). The floating ATS had a negative mean growth rate -2.6 ±0.6 g m-2 d-1 during the 

2-day HRT period. However, the land-based ATS only had the highest growth rate per initial 

biomass standing crop during the 3-day HRT period (8.8 ±2.1 g m-2 d-1 initial g-1) (Figure 

3-5C) which reduced to 0.1 ±0.2 g m-2 d-1 initial g-1 (during the 2-day HRT period) and 0.3 

±0.1 g m-2 d-1 initial g-1 (during the 1-day HRT period). The floating ATS system had a growth 

rate per initial biomass of 6.5 ± 0.8 g m-2 d-1 initial g-1 during the 3-day HRT period, but it was 

reduced to -0.1 ±0.0 g m-2 d-1 initial g-1 during the 2-day HRT period and 0.9 ±0.1 g m-2 d-1 

initial g-1 during the 1 day HRT period, similar to the pattern of changes for the land-based 

ATS culture system. 

The suspended culture system had the highest mean growth rate per initial biomass 1.3 ±0.4 g 

m-2 d-1 initial g-1 among the culture systems during the 1-day HRT period. 
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Figure 3-5. Initial and final macroalgal biomass (g dry weight) (A) and algal growth rate (g m-

2 d-1) (B) and g m-2 d-1 g-1 initial biomass (C)) measured in three macroalgal culture systems 

(suspended culture system ( ); floating ATS culture system ( ); land-based ATS culture 

system ( )) during the semi-continuous culture experiment. Values are means ±standard 

deviation of three replicates. 
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 Macroalgae Species 

The semi-continuous culture experiment was initiated immediately after the end of batch 

culture without changing the macroalgae. No new species or new types of macroalgal 

morphology were observed. 

 Culture System Operation 

In the suspended culture system, some Ulva spp. floated and aggregated during the initial 

stage of the experiment (Figure 3-6D, Figure A1, Figure A2, Figure A3).  

In the floating ATS culture system, the mesh was more consistently located under the water 

surface (Figure 3-6E) than during the previous batch culture experiment. Macroalgae grew to 

such an extent it would have partially shaded macroalgae beneath. 

In the land-based ATS culture system, the macroalgae grew on the ATS to such an extent it 

formed a layer and shaded macroalgae beneath (Figure 3-6F). Some macroalgae on the bottom 

end of the ATS grew and hung down toward water in buckets where there was limited sunlight. 

Macroalgae on the upward surface of the thick layer had light green colouration than 

macroalgae beneath this canopy in all culture systems. 
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Figure 3-6. Three macroalgal culture systems (suspended culture system (1st column); floating ATS culture system (2nd column); land-based 
ATS culture system (3rd column)) on initial day, 11 September 2020 (1st row), and final day, 3 November 2020 (2nd row), during the semi-
continuous culture experiment. 

A B C 

D E F 
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3.4. Discussion 

The semi-continuous culture experiment enabled the treatment ability of macroalgae to be 

further tested under culture conditions that are more closely aligned to a full-scale operation of 

an aquaculture effluent treatment system where effluent would be delivered into the system on 

a more regular basis. 

All experimental culture systems typically completely removed the ammoniacal-N in the 

inflow (1.5 mg NH3-N L-1) at a 3-day HRT, so the HRT was reduced to 2 days and then to 1 

day, as complete removal was still achieved. The nutrient concentration of the three culture 

systems was not significantly different (ammoniacal-N, F(2,159) =2.77, P =0.07; nitrate-N, 

F(2,106) =0.09, P =0.91) (Figure 3-4). The mean ammoniacal-N concentrations of the three 

culture systems were all <0.10 mg NH3-N L-1 which is the lowest detectable concentration of 

the ammoniacal-N assay. 

The mean nitrate-N concentration of three culture systems was 1.14 ±0.19 mg NO3--N L-1. 

Even when the inflow nitrate-N concentration was temporarily elevated above the mean 

inflow concentration (2.3 mg NO3--N L-1), all culture systems were able to reduce these 

incoming concentrations within 1 day. The concentration of ammoniacal-N and nitrate-N in 

the pāua farm effluent appears to be easily treated by all three macroalgal culture systems. 

Many Ulva spp. can take up to 90% of the available dissolved nitrogen from aquaculture 

effluent (Boarder & Shpigel, 2001; Dlaza, 2006; Neori et al., 1998; Robertson-Andersson, 

2003; Robertson-Andersson et al., 2006; Robertson-Andersson et al., 2011; Shpigel et al., 

1999). This high nitrogen uptake by Ulva spp. was also shown in the present semi-continuous 

culture experiment. 

There are no previous studies that have used exactly the same macroalgal culture systems as 

the present semi-continuous culture experiment. A related South African study cultured U. 

lactuca with abalone (Haliotis midae) in a co-culture system in which 25% of U. lactuca-

treated effluent was recirculated back into the abalone culture tank (Robertson-Andersson, 

2007). The U. lactuca was cultured in a 3,000 L tank (1 × 5 × 0.6 m, W×L×H) which 

continuously received effluent (~1 mg NH3-N L-1) at 1,500 L h-1 (1/12-day HRT). Initial dry 

weight biomass of 280 g U. lactuca m-2 removed 38% NH3-N L-1 and had a growth rate of 

26.6 g m-2 d-1 during the Austral spring – summer season. The suspended culture system in the 

present semi-continuous culture experiment, which is the most similar system to this previous 
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study, removed 94% of ~1 mg NH3-N L-1 each day with initial dry weight biomass of only 

7.07 g Ulva spp. m-2 and had a growth rate of 6.248 g Ulva spp. m-2 d-1 during the Austral 

spring season. The biomass growth rate is lower, but nutrient removal rate is higher than those 

in the previous study by Robertson-Andersson (2007). In terms of nutrient to Ulva conversion, 

13,680 mg NH3-N d-1 (1,500 L h-1 × 24 h × 1 mg NH3-N d-1 × 38%) was converted to 26.6 g 

U. lactuca m-2 d-1 in the flow-through recirculating system (Robertson-Andersson, 2007). The 

present suspended culture system converted 14.1 mg NH3-N d-1 (15 L × 1 mg NH3-N d-1 × 

94%) to 6.248 g Ulva spp. m-2 d-1. So, the conversion ratio dry weight g macroalgae m-2 d-1/mg 

NH3-N removed d-1 was 0.002 in the previous experiment but much higher (0.443) in the 

current semi-continuous experiment. 

The land-based ATS culture system had the highest final algal biomass and growth rate 

regardless of whether its initial biomass was the most or least among the culture systems 

(Figure 3-5A, B) unlike the previous batch culture experiment in which the suspended culture 

system had the highest final algal biomass and growth rate (Figure 2-11A, B). The increased 

biomass growth on the land-based ATS was likely due to greater and more evenly distributed 

initial biomass at the beginning of the semi-continuous culture experiment (Figure 3-6C, F) 

than as for the start of the batch culture experiment (Figure 2-16C). When the initial biomass 

was considered, the growth rate per initial biomass of both the floating and land-based ATS 

culture systems were higher than that of the suspended culture system during the 3-day HRT 

period. However, during the following 2-day and 1-day HRT periods, the growth rate per 

initial biomass in both ATS culture systems markedly decreased, and the suspended culture 

system had the highest growth rate per initial biomass (Figure 3-5C). The reduced growth rate 

of the ATS culture systems was likely due to the accumulation of excessive biomass during the 

3-d HRT period (Figure 3-5A) which resulted in self-shading and lower growth. Consequently, 

the management of standing biomass of macroalgae in the ATS culture systems appears to be 

important to maintaining their continuing effectiveness for both nutrient removal and 

macroalgal production. 

The total daily solar radiation tended to be higher in the land-based ATS system (mean 0.249 

±0.066 mol m-2 d-1) compared with that of the suspended culture system and floating ATS 

culture system (both mean 0.237 ±0.064 mol m-2 d-1 (Figure 3-2B) as was noted and discussed 

in the previous batch culture experiment (Figure 2-7B, Section 2.4). The total daily solar 

radiation in the semi-continuous culture experiment (Austral spring) was 2.2 times that 

measured during the previous batch culture experiment (Austral winter) due to seasonal 
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change from Austral winter to Austral spring. 

Growth of the macroalgal biomass was greatest in the land-based ATS culture system and 

lowest in the suspended culture system, with a number of possible reasons for this difference. 

In the suspended culture system, as in the previous batch culture experiment, some Ulva spp. 

floated and aggregated at the surface during the initial sets of the experiment. However, due to 

the longer experimental duration than with the previous batch culture experiment, a larger 

amount of Ulva spp. biomass floated as a thick layer at the water surface due to trapped air 

bubbles from the aeration used to promote mixing. This lack of submersion of the macroalgae 

may have restricted its growth. Additional factors that could have contributed to the reduced 

biomass growth in the floating ATS culture system were that the mesh often sank below the 

water surface (Figure 3-6E) reducing the water flow over the macroalgae and the light 

availability due to greater shading from the sides of the experimental bucket. In the land-based 

ATS culture system, the macroalgae grew on the ATS to such an extent it formed a layer and 

shaded the macroalgae beneath (Figure 3-6F). Some macroalgae at the bottom end of the ATS 

grew and hung down toward the water in a bucket where sunlight would have been limited. 

This may have provided an additional area for macroalgae in the land-based ATS culture 

system to grow and contributed to the higher growth rate compared to the other culture 

systems. 

Light green coloured Ulva spp. thalli were found in all experimental culture systems and this 

was possibly an indication of nitrogen-limitation as was previously observed with U. rigida 

(Lahaye et al., 1995) and U. lactuca (Robertson-Andersson et al., 2009). However, the light 

green coloured thalli could also have been due to bleaching under high light conditions as it 

was observed mostly with the thalli on the surface of the thick macroalgal mat, whereas dark 

green coloured (due to higher chlorophyll) thalli were observed underneath, where they were 

shaded by overhanging thalli. 

In conclusion, although the ATS systems had a higher growth rate than the suspended system 

and the growth rate increased with decreasing HRT and increasing nutrient availability, all 

culture systems treated pāua farm effluent effectively (>94% ammoniacal-N removal within 

one day) even when operated at a 1-day HRT. These results indicate that all three culture 

systems could treat effluents with higher nutrient loads. 
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Chapter 4. Spiked Semi-Continuous Culture 

4.1. Introduction 

The nutrient concentrations in the Moana Ltd pāua farm effluent used in both previous 

experiments were relatively low (batch culture experiment, 0.64 – 1.44 mg NH3-N L-1, 1.6 – 

2.1 mg NO3--N L-1, and 0 mg dissolved reactive phosphorus (DRP) L-1; semi-continuous 

culture experiment, 0.21 – 2.96 mg NH3-N L-1, 1.0 – 20.7 mg NO3--N L-1, and 0 mg DRP L-1). 

This meant that differences in performance between the three culture systems were not able to 

be clearly determined as all systems showed similar rapid removal of the low nutrient 

concentrations. In this experiment, the pāua farm effluent was spiked with additional 

ammoniacal-N and DRP to levels that are more representative of the effluent from an intensive 

recirculating aquaculture system. Since this experiment was conducted during the Austral 

summer season, which had the highest total daily solar radiation and longest day length of the 

year, higher macroalgal growth and nutrient uptake were expected compared to the previous 

two culture experiments. 

4.2. Materials & Methods 

The materials and methods were the same as in the previous semi-continuous culture 

experiment (section 3.2) except for the following: 

 Experimental Setup 

Each day effluent in experimental buckets was partially exchanged with nutrient spiked fresh 

effluent. The spiked semi-continuous culture experiment was conducted for a total of 31 days 

between 17 December 2020 and 17 January 2021 (Austral summer season). The experiment 

was divided into seven sets, with a new set following either measurement of algal biomass 

and/or flushing of the whole culture volume to wash out a phytoplankton bloom (Section 

4.2.6). 

 Nutrient Spiked 

To compare the nutrient removal performance of the three macroalgal culture systems at 

effluent nutrient levels more representative of recirculating aquaculture systems the pāua farm 

effluent was spiked. The effluent was spiked with an ammoniacal-N concentration of 30 mg 

NH3-N L-1 using ammonium sulphate (NH4)2SO4, agricultural fertiliser (SOA, Balance Agri-
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Nutrients Ltd, New Zealand). The effluent was spiked with a DRP concentration of 3 mg DRP 

L-1 using di-potassium hydrogen phosphate K2HPO4•3H2O (Merck KGaA, Germany). 

Pāua farm effluent in the experimental buckets was partially exchanged each day with nutrient 

spiked fresh effluent to give a 3-day hydraulic retention time (HRT). The experiment was 

originally designed to be divided into sets, with a new set beginning with the algal biomass 

being measured and/or removed. However, in undertaking the experiment, the sets were ended 

due to excessive phytoplankton growth, particularly in the suspended culture system, or 

excessive accumulation of nitrate (Section 4.2.6). 

 Bath Tank 

Nine experimental buckets were placed in one waterbath tank (Figure 4-1). 

 Algae Inoculum 

Since there was insufficient Ulva spp. biomass to begin the experiment, a mixture of 70% 

Ulva spp. and 30% Cladophora sp. was used. The previous preliminary experiments during 

Austral summer indicated that both Ulva spp. and Cladophora sp. grow well on pāua farm 

effluent during Austral summer conditions. The Ulva spp. used for the experiment had 

established naturally on walls of a concrete-lined aquaculture effluent pond, which receives 

effluent water from a land-based pāua farm operated by Moana Ltd. The Cladophora sp. was 

North 
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Outflow of bath water 

Inflow of bath water 
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F3 

S1 

F1 

S3 

 F3 

Figure 4-1. Diagram of the randomly positioned buckets during the spiked semi-

continuous culture experiment. ATS means algal turf scrubber. 
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dominant in 2 m2 mini high rate algal pond (see, Figure 5-4) which continually received 

settling pond effluent from the Moana Ltd’s aquaculture facility. 

 Evaporation & Salinity 

To compensate for high evaporation rates during this Austral summer experiment and to 

maintain similar salinity in the different culture systems throughout the experiment, the culture 

volume was made up to 15 L with reverse osmosis water daily and mixed in before water 

sampling from day 6 (23 December 2020). 

 Phytoplankton Contamination 

The optical density (at 570 nm) of culture effluent samples was monitored during the 

experiment using a HACH spectrophotometer (DR 2700TM Portable Spectrophotometer, 

HACH) for use as a relative measure of phytoplankton contamination. This provided an earlier 

indication of increased phytoplankton concentration in the culture than could be detected 

visually. 

4.3. Results 

 Environmental Factors 

The mean maximum daily water temperature differed between the culture systems (F(2,96) 

=4.32, P =0.02) and was highest in the floating algal turf scrubber (ATS) culture system (26.9 

±1.8 ℃); slightly lower in the suspended culture system (26.7 ±1.7 ℃), and; ~1 ℃ lower in 

the land-based ATS culture system (25.7 ±1.7 ℃) (Figure 4-2A). The mean minimum daily 

water temperature also differed between the culture systems (F(2,96) =11.51, P <0.0001) being 

highest in the floating ATS culture system (19.5 ±11.1 ℃), lower in the suspended culture 

system (18.3 ±1.1 ℃) and the land-based ATS culture system (18.2 ±1.3 ℃). The mean daily 

water temperature ranged 15.6 to 30.6 ℃ during the whole spiked semi-continuous culture 

experiment and was significantly different for all three culture systems (F(2,99) =7.32, P 

=0.001). 

The total daily solar radiation tended to be higher in the land-based ATS culture system (mean 

0.304 ± 0.078 mol m-2 d-1) compared with that of the suspended culture system and floating 

ATS culture system (mean 0.288 ±0.076 mol m-2 d-1) but was not significantly different (F(1,70) 

=0.74, P =0.39) (Figure 4-2B). 

There were four major rainfall events during the whole spiked semi-continuous culture 
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experiment, but the mean net rainfall was negative (-0.2 ±0.5 L 0.07 m-2 d-1) (Figure 4-2C). 

Continuous diurnal pH monitoring of one of the land-based ATS replicates ranged from 6.94 to 

10.07 (mean 8.26 ±0.69) (Figure 4-3A). The mean daily temperature measured at the same 

time was 21.3 ±3.2 ℃ (Figure 4-3B). pH and temperature fluctuated in a similar manner 

(Figure 4-3). 
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Figure 4-2. Environmental factors measured during the spiked semi-continuous culture 

experiment. A, maximum and minimum water temperature; B, total daily solar radiation; C, total 

daily net rainfall on the actual culture system area (rainfall-evaporation). S, suspended culture 

system; F, floating ATS culture system; L, land-based ATS culture system. The water quality 

meter initially malfunctioned resulting in data loss at the outset of the experiment.
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Figure 4-3. Daily variation of culture pH (A) and temperature (B) in the land-based ATS3 during 

the spiked semi-continuous culture experiment. Data was lost due to the limited memory of the 

water quality meter. 
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 Nutrient Removal & Macroalgal Growth 

As each set was run as a newly repeated experiment, the results are given separately below. 

 Set 1A 

The inflow ammoniacal-N concentration varied between 31 – 43 mg NH3-N L-1 and was 

reduced to <14 NH3-N L-1 in the suspended culture system, <12 mg NH3-N L-1 in the floating 

ATS culture system, and <6 mg NH3-N L-1 in the land-based culture system (Figure 4-4A). 

The initial increase in the culture system concentrations was related to the ammoniacal-N 

spike addition to the inflow. On day 5 of the experiment, the hydraulic retention time was 

increased from 3 to 6 days to see if complete ammoniacal-N removal could be achieved and 

this occurred in all culture systems by day 8. 

The inflow nitrate-N concentration was initially <3 mg NO3--N L-1 but temporarily increased 

up to 9 mg NO3--N L-1 during the latter half of the set. Both the suspended culture system and 

floating ATS culture system consistently removed nitrate-N to a concentration of 1 – 2 mg 

NO3--N L-1 (Figure 4-4B). However, nitrate-N was produced and gradually accumulated up to 

a concentration of 4 mg NO3--N L-1 in the land-based ATS culture system. 

The inflow DRP concentration was ~3 mg L-1 and the initial increase in the culture system 

DRP concentrations was related to the DRP spike addition to the inflow (Figure 4-4C). Culture 

system DRP concentrations declined below 1 mg DRP L-1 in the latter half of the set, with 

concentrations below 0.5 mg DRP L-1 attained by the suspended culture system and floating 

ATS culture system. 

Optical density increased rapidly towards the end of the set time period in the suspended 

culture system and floating ATS culture system and this was associated with a phytoplankton 

bloom (Figure 4-4D). Since phytoplankton also remove nutrients and shade light from the 

macroalgae, which would compromise the results of the experiment, all of the effluent in each 

culture was removed (i.e., flushed) and replaced with fresh effluent to start Set 1B. 

 Set 1B  

The inflow ammoniacal-N concentration was reduced from ~32 mg NH3-N L-1 down to <12 

NH3-N L-1 in the suspended culture system, and down to <6 mg NH3-N L-1 in the floating ATS 

culture system, and <2 mg NH3-N L-1 in the land-based culture system. The initial increase in 

the culture system concentrations was related to the ammoniacal-N spike addition to the 
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inflow (Figure 4-4A). As the ammoniacal-N concentration in the land-based culture system 

was close to zero, the HRT of all culture systems was decreased to 4 and then 3 days.  

The inflow nitrate-N concentration was initially 4 mg NO3--N L-1 but declined each day of the 

set and this was reflected in the declining nitrate-N concentration in the culture systems 

(Figure 4-4B). 

The inflow DRP concentration was ~2.5 mg L-1 and the increase in the culture system DRP 

concentrations was related to the DRP spike addition to the inflow (Figure 4-4C). 

Optical density increased in the suspended culture system and floating ATS culture system and 

this was associated with another phytoplankton bloom so all of the effluent in each culture 

system was removed (i.e., flushed) and replaced with fresh effluent to start Set 2 (Figure 

4-4D). 

The land-based ATS culture system and floating ATS culture system both had higher initial 

biomass than the suspended culture system at the beginning of Set 1 (Figure 4-5A). All 

cultures grew over the 11-day experimental period. The macroalgae in the suspended culture 

system and land-based culture system had similar growth, but growth in the floating ATS 

culture system was much lower. 

 Set 2, 3, 5 

In experimental Sets 2, 3, and 5 the inflow ammoniacal-N concentration varied between 30 – 

40 mg NH3-N L-1 and was reduced down to <10 mg NH3-N L-1 in the suspended culture 

system, 6 – 15 mg NH3-N L-1 in the floating culture system, and <2 mg NH3-N L-1 in the land-

based ATS culture system (Figure 4-4A). 

In experimental Sets 2, 3, and 5 the inflow Nitrate-N concentration was consistently 2 mg 

NO3--N L-1 (Figure 4-4B). Both the suspended culture system and floating ATS culture system 

consistently removed nitrate-N to a concentration of 1 mg NO3--N L-1. However, nitrate-N was 

produced and gradually accumulated up to a concentration of 5 mg NO3--N L-1 in the land-

based ATS culture system. 

In experimental Sets 2, 3, and 5, the inflow DRP concentration was ~3 mg L-1 and the increase 

of DRP concentrations in the culture system was related to the DRP spike addition to the 

inflow (Figure 4-4C). 

Optical density increased in the suspended culture system and to a lesser extent in the floating 
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ATS culture system, and this was associated with a phytoplankton bloom (Figure 4-4D). So, 

all of the effluent in each culture system was removed (i.e., flushed) and replaced with fresh 

effluent to start Set 4. 

The land-based ATS culture system had substantially smaller initial biomass than other culture 

systems at the start of Set 3 (Figure 4-5A). However, over the 8-day experimental period to the 

end of Set 5, the land-based ATS culture system showed the highest growth while the floating 

ATS culture system grew less and the suspended culture system either did not grow or 

decreased. 

Set 4 had lower than typical total solar radiation 158 mol m-2 d-1 (Figure 4-2B) and higher total 

daily net rainfall 1.85 L 0.07 m-2 d-1 (Figure 4-2C) which reduced performance in all culture 

systems. The effluent in the suspended culture system was removed and replaced with fresh 

effluent to start Set 5 because the ammoniacal-N concentration in the water was higher than 

remediation capacity (which was shown in Set 1B) although phytoplankton did not bloom in 

the suspended culture system. 

 Set 6, 7 

In experimental Set 6, the inflow ammoniacal-N concentration varied between 30 – 35 mg 

NH3-N L-1 and was reduced to 16 mg NH3-N L-1 in the floating ATS culture system, 10 mg 

NH3-N L-1 in the suspended culture system, and <4 mg NH3-N L-1 in the land-based ATS 

(Figure 4-4A). Reducing the inflow ammoniacal-N spike in experimental Set 7 lowered the 

inflow concentration to between 24 – 28 mg NH3-N L-1 which both the suspended culture 

system and land-based ATS culture system were able to completely remove. 

In experimental Set 6 and 7, the inflow nitrate-N was reduced from <12 mg NO3--N L-1 to 1 

mg NO3--N L-1 in the suspended culture system (Figure 4-4B). However, the land-based ATS 

culture system produced nitrate-N which gradually accumulated reaching a concentration of 

13 mg NO3--N L-1 and which exceeded the inflow concentration. 

In experimental Set 6, the inflow DRP concentration varied between 2.1 – 3.3 mg DRP L-1 and 

was reduced to <2 mg DRP L-1 in the floating ATS culture system and land-based ATS culture 

system and <1 mg DRP L-1 in the suspended culture system (Figure 4-4C). In experimental Set 

7, the inflow DRP concentration was reduced from 2 mg DRP L-1 to <1 mg DRP L-1 in the 

land-based culture system and 0 mg DRP L-1 in the suspended culture system. 

Optical density increased rapidly in the suspended culture system so the effluent in the 
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suspended culture system was removed (i.e., flushed) and replaced with fresh effluent which 

began Set 7 (Figure 4-4D). Optical density remained at low levels during Set 7. 

At the start of Set 6 the land-based ATS culture system and floating ATS culture system both 

had higher initial biomass than the suspended culture system (Figure 4-5A). However, the 

biomass in the floating ATS culture system decreased substantially during the first five days of 

Set 6. The floating ATS culture system was contaminated by filamentous cyanobacteria 

(Figure 4-6A), so further experiments with this culture system were discontinued. Over the 9-

day experimental period, the macroalgal biomass in the suspended culture system nearly 

tripled, but the biomass in the land-based ATS culture system declined slightly. 
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Figure 4-5. Macroalgal biomass and hydraulic retention time (HRT). A, initial and final algal biomass (g dry wt) measured in three macroalgal culture 
systems (suspended culture system ( ); floating ATS culture system ( ); land-based ATS culture system ( )) during the spiked semi-continuous culture 
experiment. Values are means ±s.d. ①: Floating and land-based ATS culture systems started at Set 3 (day 0) and finished at Set 5 (day 8). ②: Land-based 
ATS culture system started at Set 6 (day 0) and finished at Set 7 (day 9). B, HRT for both ATS culture systems ( ) and for all culture systems ( ). 
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 Macroalgae Species 

The spiked semi-continuous culture experiment followed on from the previous semi-

continuous culture experiment and did not have new macroalgae species or new types of algal 

morphology compared to the previous batch and semi-continuous culture experiments, but all 

culture systems had finer tubular (filamentous) Ulva spp. and more Cladophora spp. 

Minor colonial cyanobacteria Coleofasciculus sp. were observed for the first in the floating 

ATS culture system since Set 2 and in the land-based ATS culture system since Set 6 (Figure 

4-6). The colonial cyanobacteria formed layers on both the ATS culture systems and/or on the 

macroalgae. The cyanobacteria was not found in the suspended culture system. 

Phytoplankton contamination occurred throughout the spiked semi-continuous culture, 

especially in the suspended culture system (Figure 4-7). 

 

 

  

Figure 4-6. Filamentous cyanobacteria (Coleofasciculus sp.) formed colony (dark green) on 

the floating ATS culture system (A) and the land-based ATS culture system (B), and its 

microscopic photographs (C and D). 
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 Culture System Operation 

In the suspended culture system, some Ulva spp. floated and aggregated during the initial 

stage of the experiment (Figure 3-6D, Figure A1, Figure A2, Figure A3).  

In the floating ATS culture system, the mesh was more consistently located under the water 

surface (Figure 3-6E) than during the previous batch culture experiment. Macroalgae grew to 

such an extent it would have partially shaded macroalgae beneath. Macroalgae loss was 

observed due to colonial cyanobacteria (Section 4.3.3). 

In the land-based ATS culture system, the macroalgae grew on the ATS to such an extent it 

formed a layer and shaded macroalgae beneath (Figure 3-6F). Some macroalgae on the bottom 

end of the ATS grew and hung down toward water in buckets where there was limited sunlight. 

Macroalgae on the upward surface of the thick layer had light green colouration than 

macroalgae beneath this canopy in all culture systems. 

4.4. Discussion 

Due to the high nutrient removal performance of all three macroalgal culture systems growing 

on the low nutrient concentration pāua effluent as well as interest in using macroalgal culture 

systems to treat intensive recirculating aquaculture effluent (typical NH3-N concentration: 30 

mg L-1), the semi-continuous culture experiment was repeated using pāua farm effluent that 

was spiked with 30 mg NH3-N L-1 and 3 mg DRP L-1. 

At a 3-day HRT, removal of ammoniacal-N was nearly complete (<5 mg L-1) in the land-based 

Figure 4-7. Green culture effluent observed on 1 January 2021 (A) from the suspended 

culture system (left), floating ATS culture system (centre), and the land-based ATS culture 

system (right), due to a phytoplankton contamination (B).  

 

A B 
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ATS culture system, and reducing the inflow concentration to 20 mg NH3-N L-1 enabled 

complete removal (Set 7) (Figure 4-4B). The floating ATS and suspended culture system were 

less effective at ammoniacal-N removal (only reducing the inflow concentration to <15 mg L-

1). As with the previous batch and semi-continuous culture experiments, none of the culture 

systems reduced the nitrate-N concentration to below ~1 mg NO3--N L-1 during the spiked 

semi-continuous culture experiment. Since marine algae including Ulva spp. are known to 

preferentially assimilate ammoniacal-N over nitrate-N (Cohen & Fong 2004; Bracken & 

Stachowicz 2006; Vonk et al. 2008; Ale et al. 2011), complete nitrate removal would have 

been unlikely until all of the ammoniacal-N had been removed. 

The nitrate-N concentration in the land-based ATS culture system typically increased to ~5 mg 

NO3--N L-1 and then up to ~13 mg NO3--N L-1 when the inflow concentration increased to 8 – 

12 mg NO3--N L-1 (Set 5 onwards) (Figure 4-4B). This accumulation of nitrate in the land-

based ATS culture indicates that nitrifying bacteria had established in the system and part of 

the measured ammoniacal-N removal was due to nitrification. In general, nitrification may not 

occur if macro- or microalgae in a culture system rapidly assimilate the ammoniacal-N. 

However, at relatively long HRT and an abundance of ammoniacal-N a nitrifying bacterial 

population can establish, especially when there are aerobic surfaces available for them to 

attach to. Nitrifying bacteria decrease pH through acid production in the nitrification process, 

and this pH decrease is commonly observed in an intensive aquaculture system that depends 

on nitrification biofilters. Photosynthesis causes daytime pH to increase due to assimilation of 

CO2, but the land-based ATS culture system in the present experiment experienced gradually 

decreasing daily pH since it had peaked on 27 December 2020 (Figure 4-3A) when the nitrate-

N concentration began to increase (Figure 4-4B). The accumulation of nitrate indicates the 

preference of the Ulva spp. to assimilate ammoniacal-N over nitrate-N, which has been 

observed in many other studies (Cohen & Fong 2004; Bracken & Stachowicz 2006; Vonk et al. 

2008; Ale et al. 2011). For example, U. prolifera has been shown to have a higher affinity for 

nitrate-N than ammoniacal-N only at a high ratios (between 2.2 and 12.9) of nitrate-N to 

ammoniacal-N however, even when the uptake rate of nitrate-N occurs it may not be that high 

(Fan et al. 2014). 

There is no previous published study that has used exactly the same macroalgal culture 

systems as the present spiked semi-continuous culture experiment. Two related South African 

studies cultured U. lactuca in suspension using abalone (Haliotis midae) aquaculture effluent 

in a 3,000 L tank (1 × 5 × 0.6 m W×L×D) were operated with an 8-day HRT (Robertson-
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Andersson, 2003; (Robertson-Andersson, 2007). As with the present study, the abalone farm 

effluent had a low ammoniacal-N concentration (0.2 – 1 mg NH3-N L-1) and consequently, the 

effluent had to be spiked with nutrients (to concentrations of 81 mg NH3-N L-1 and 55 mg 

DRP L-1) to promote U. lactuca growth for use as an abalone feed. Initial dry weight biomass 

of 420 g m-2 U. lactuca removed more than 80% of the spiked inflow ammoniacal-N 

concentration and the growth rate varied seasonally 0.049 g m-2 d-1 (Austral summer), 0.014 g 

m-2 d-1 (Austral autumn), and 0.021 g m-2 d-1 (Austral winter) (Robertson-Andersson, 2003). 

The suspended culture system in the present spiked semi-continuous culture experiment, 

which is the most similar culture system to this previous study, removed 70 – 95% of the 

inflow ammoniacal-N concentration (30 – 40 mg NH3-N L-1) when operated with a 3- and 6-

day HRT (Set 1A). However, it had a much lower initial biomass concentration (29.1 g Ulva 

spp. m-2) and a much higher growth rate of 5.43 g m-2 d-1 (Austral summer). The higher growth 

rate measured in the present study was probably due to a combination of lower initial biomass 

and shallower (0.3 m depth; higher light availability) culture system.  

Further experiments (Robertson-Andersson 2003 & 2007) also found that high (~80%) 

removal of the inflow ammoniacal-N concentration could still be achieved, and U. lactuca 

productivity increased when a lower initial biomass concentration (280 g m-2 dry weight) was 

used. However, this initial biomass density is still ~10 times that used in the present study (29 

g m-2 Ulva spp. dry weight). 

Water motion affects nutrient uptake and productivity of macroalgae because the supply of 

nutrients and dissolved inorganic carbon to macroalgae are limited by diffusion, a limitation 

which is overcome by providing greater mixing of the water (Hurd, 2017). For example, U. 

pertusa achieved increased ammoniacal-N uptake (1.5-fold) and growth (1.6-fold) at higher 

water mixing conditions (Barr et al., 2008). Three culture systems in the present experiment 

had different methods of water mixing (e.g., weakest in the floating ATS culture system, most 

vigorous in the suspended culture system), which probably affected the rate of nutrient uptake 

and growth of Ulva spp. 

Phytoplankton contamination of the culture systems was common during the spiked semi-

continuous culture experiment, especially in the suspended culture system. Ulva spp. have 

been found to have a competitive advantage over phytoplankton at very low nutrient 

concentrations (0.02 mg NO3--N L-1 +0.003 mg DRP L-1), but phytoplankton has been found 

to have a competitive advantage over Ulva spp. at higher nutrient concentrations (1 mg NO3--
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N L-1 +0.16 mg DRP L-1) (Fong et al., 1993). These higher nutrient concentrations are similar 

to those in the pāua farm effluent and much lower than those of the spiked pāua effluent used 

in the present study, which may explain why phytoplankton contamination was so common. 

In addition to phytoplankton contamination, cyanobacteria contamination also occurred during 

the spiked semi-continuous culture experiment. From Set 2, the colonial cyanobacteria 

Coleofasciculus sp. which forms interwoven benthic films (Figure 4-6) (Siegesmund et al., 

2008) established on the surface of the mesh and macroalgae of the ATS culture systems, 

especially in the floating ATS culture system. A decline in ammoniacal-N and DRP removal 

coincided with the increase in Coleofasciculus sp. contamination and substantial reduction in 

total biomass were observed on the floating ATS from Set 5. Cyanobacteria Coleofasciculus 

sp. was not found in the suspended culture system, and this was probably due to lower light at 

the bottom surface of the bucket and continuous mixing of the water inhibiting the formation 

of a Coleofasciculus sp. colony. 

Water volume lost to net evaporation did not need to be replaced as much as in the previous 

batch and semi-continuous culture experiments. This is because of the regular flushing of the 

cultures to remove phytoplankton contamination. 

Higher total daily solar radiation was measured in the land-based ATS system (mean 0.304 

±0.078 mol m-2 d-1) compared with that of the suspended culture system and floating ATS 

culture system (both mean 0.288 ±0.076 mol m-2 d-1 (Figure 4-2B) as was noted and discussed 

in the previous batch culture experiment (Figure 2-7B) (Section 2.4.). The total daily solar 

radiation in the spiked semi-continuous culture experiment (Austral summer) was 2.7 times 

that measured during the previous batch culture experiment (winter) and 1.2 times that 

measured during the semi-continuous culture experiment (Austral spring) because of seasonal 

change from Austral winter to Austral summer. 

In conclusion, both the suspended culture system and the land-based ATS culture system 

showed the most potential for phycoremediation of aquaculture effluent and production of 

macroalgal biomass. 
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Chapter 5. Effect of Feeding Cultured Ulva spp. on Juvenile Pāua 

Growth 

5.1. Introduction 

Formulated feeds are used extensively in commercial abalone culture because of their 

convenience and the ability to ensure the delivery of appropriate nutrition to maximise growth. 

However, co-feeding macroalgae together with formulated feed, or providing a macroalgae 

only diet in abalone aquaculture can result in even better growth. For example, when particles 

of the fresh macroalgae Gracilaria spp. are provided to a tank of cultured pāua, the pāua spent 

over 80% of their time feeding whereas when only formulated feed was presented the pāua 

were mostly sedentary and did not feed as actively (Allen et al., 2006). Thus, by co-feeding the 

particles of Gracilaria spp. with the formulated feed it stimulated the feeding of the pāua and 

their subsequent shell growth was 15% faster than when fed the formulated food alone. The 

feeding stimulation effect of fresh macroalgae has also been shown for Haliotis diversicolor 

supertexta when exposed to an extract of Ulva spp (Jan et al., 1981). Additionally, when H. 

midae were fed on fresh nitrogen-enriched Gracilaria spp. and Ulva spp., their subsequent 

growth in terms of shell length and wet weight were 35% and 61% respectively faster than 

when fed a formulated pellet alone (Naidoo et al., 2006). 

Despite the potential benefits of including fresh macroalgae in the diet of commercially 

cultured abalone, its use poses some challenges. Harvesting wild macroalgae or gathering 

beachcast macroalgae often involves dealing with sustainability issues and is also generally 

costly both to harvest and transport to the abalone facility (Bolton et al., 2009). Sourcing 

macroalgae from coastal aquaculture operations is also relatively expensive. There are also 

significant biosecurity issues associated with bringing wild macroalgae into a contained 

aquaculture facility due to the risk of introducing abalone pests or disease. Macroalgae 

cultured in abalone aquaculture effluent has the potential to overcome some of these issues, 

while also recovering nutrients from effluent, and providing the potential to replace the 

formulated abalone feed with the cultured macroalgae. 

To use macroalgae for nutrient recovery from aquaculture effluent to feed abalone, it must be 

both suitable for culture in the effluent as well as being palatable and nutritious to the abalone. 

While many abalone species will show distinct preferences for consuming some species of 

macroalgae, most abalone will normally consume a variety of macroalgae species. For 
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example, studies have reported that pāua have varying preferences for consuming macroalgae, 

including the red macroalgae, Hymenocladia lanceolata (Poore 1972a, Marsden & Williams 

1996), and brown macroalgae, such as Cystophora retroflexa, Ecklonia radiata, Lessonia 

variegata, Zonaria turneriana, Carpophyllum maschalocarpum, (Sinclair 1963, Tunbridge 

1967, Dutton & Tong 1981, Cornwall et al., 2009). Species of green macroalgae in the genus 

Ulva are also readily consumed by pāua (Taylor & Steinberg 2005, Cornwall et al. 2009) and 

species in this genus of macroalgae have also shown potential for culture in aquaculture 

effluent (Aníbal et al., 2014; Ben-Ari et al., 2014; Bolton et al., 2009; Guttman et al., 2018; 

Guttman et al., 2019; Msuya & Neori, 2010; Shahar & Guttman, 2020; Shpigel et al., 2019; 

Robertson-Andersson, 2007). Therefore, this research aimed to assess the potential for using 

Ulva spp. cultured in aquaculture effluent to feed juvenile pāua as a partial replacement of 

formulated feed. 

5.2. Materials & Methods 

 Experimental Setup 

An experimental pāua culture system consisting of 12 tanks was built at the National Institute 

of Water and Atmospheric Research Northland Marine Research Centre in Ruakaka, New 

Zealand. The design of the experimental culture system was based on the tipper bucket culture 

system used by Moana Ltd, the largest commercial abalone aquaculture operation in New 

Zealand. The tipper bucket culture system intermittently drops seawater from a tipper bucket 

into a pāua rearing tank beneath, facilitating greater gas exchange, redistribution of food 

particles, and the flushing of solid wastes from the tank (Tyler, 2012). 

Experimental plastic culture tanks were rectangular (180 × 4,800 × 125 mm, W×L×H) and 

were maintained with a 45 mm water depth that was supplied from a 330 mL tipper tub that 

was positioned above the tank at one end (Figure 5-1B). New water from the header tank filled 

the tubs sufficiently so they tipped and released their contents into the tank around every 20 

seconds. All tanks were supplied with 1 μm filtered and UV treated seawater from a 

temperature-controlled header tank which held the water at a constant 18 ℃ which is an 

optimum growing temperature for juvenile pāua (Tyler, 2012) (Figure 5-1A). The seawater 

outflow was via a rectangular hole (60 × 30 mm) in the tank wall at the opposite end of the 

tank from the tipper bucket. The outflow was covered with plastic mesh (1 mm mesh size) to 

prevent pāua and food particles from leaving the tank. 
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A strip of artificial grass of 2 – 3 cm width was attached just above the water level (45 mm) 

around the inner sides of every tank to prevent pāua from escaping from the tanks. Hides for 

the pāua were made from 150 mm long sections of PVC pipe with inside diameter 95 mm and 

7 mm thickness, that were cut lengthwise to create arch-shaped structures (Figure 5-2), one of 

which was placed in each tank (Figure 5-1B). 

The seawater temperature was measured in the header tank hourly, while pH and dissolved 

oxygen of the seawater were measured daily. All experimental tanks were covered by black 

plastic to keep them in almost complete darkness throughout the experiment (Figure 5-1A). 

Figure 5-1. 

Photographs showing 

detail of experimental 

tanks used for the pāua 

feeding experiment. A, 

row of covered tanks; 

B, uncovered close-up 

of culture tanks with 

white tipper buckets in 

the foreground. 
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Seawater inflow line 

Seawater inflow 
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Figure 5-2. An arch-shaped hide for pāua made from PVC pipe. 

 Feed Treatments 

Four feeding treatments were tested in the experiment, that involved different levels of 

replacement of formulated abalone feed with fresh Ulva spp. that had been cultured in effluent 

from a commercial pāua aquaculture operation. The four diet treatments were based on the dry 

weight of both macroalgae and formulated feed; 1) 0% Ulva spp. +100% pellets, 2) 5% Ulva 

spp. +95% pellets, 3) 10% Ulva spp. +90% pellets, and 4) 20% Ulva spp. +80% pellets. An 

overall feeding rate of 0.4% of total pāua body mass once per day was used as it is the 

standard commercial feeding rate of formulated feed for juvenile pāua of this size (Ryan 

Lanauze, Moana Ltd, pers. comm.). 

The formulated feed pellets used for the experiment were Abfeed® (Marifeed Pty Ltd, South 

Africa) which are disk-shaped, 2 mm in diameter and 1 mm thick and are used by Moana Ltd 

for commercially rearing juvenile pāua of 20 – 30 mm in shell length (Figure 5-3A). Abfeed® 

is composed of fishmeal (55%), starch, Spirulina spp. (10%), vitamins and minerals (Fleming 

et al., 1996). The approximate nutrient analysis of Abfeed® is 34.6% protein, 43.3% 

carbohydrates, 5.3% lipid, 1.2% crude fibre, 5.7% ash, and ~10% moisture (Marifeed Pty Ltd, 

pers. comm.) (Naidoo, 2008). The manufactured pellets retain some moisture, with the water 
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content varying according to their storage conditions. Samples of pellets were dried in an oven 

at 80 ℃ overnight to determine the moisture content of the pellets and this moisture content 

was then used for subsequent calculations of feeding rate which was based on dry feed. 

Free-floating Ulva spp. that grew thalli in thin sheets were harvested from a 2 m2 mini-HRAP 

(Figure 5-4) and which received effluent from Moana Ltd’s pāua farm semi-continuously after 

it had passed through a settling pond to remove larger solids. The morphology of the Ulva spp. 

that grew in the HRAP may vary over time so the wet/dry conversion factor was measured 

weekly and then used for calculating the quantity of macroalgae to provide to each feeding 

treatment. (Figure 5-3B). Ulva spp. used for pāua feed in the experiment was harvested fresh 

each day and then washed in fresh water to remove detrital bacteria, amphipods, copepods and 

other material which may affect the pāua. The Ulva spp. was then chopped into smaller strips 

so that it would be more readily available to pāua once introduced to the tank. The Ulva spp. 

was weighed into the correct equivalent dry mass for each feed treatment and then pāua were 

fed once a day between 16:00 and 16:30, which is consistent with commercial feeding 

practices (Figure 5-3C) that are based on the nocturnal feeding habits of pāua (Shepherd, 

1973). Prior to feeding, each tank was siphoned clean of any remaining food from the previous 

day’s feeding. 
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  Figure 5-3. Pāua feed used in the 

experiment. A, Abfeed® abalone 

formulated weaning pellets; B, fresh 

harvested thalli of Ulva spp. that had 

been cultured in aquaculture effluent; C, 

Ulva spp. after chopping into fine strips 

prior to the use as pāua feed in the 

experiment. 
1 cm 

A 

B 

C 
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 Source of Fresh Ulva spp. 

A 100 g wet weight inoculum of Ulva spp. was recovered from drains that receive effluent 

from the land-based pāua aquaculture facility operated by Moana Ltd. The inoculum was 

collected, washed and transported to a 2 m2 mini-HRAP (630 L volume, 0.3 m water depth; 

Figure 5-4). The continuous paddlewheel mixing created a horizontal water velocity of 0.3 m 

s-1. The HRAP was operated with a 4-day hydraulic retention time through an inflow of 157.5 

L of effluent twice a day (07:00 – 07:09 and 13:00 – 13:09) from the pāua aquaculture facility 

(after it had passed through a settling pond) with the outflow draining out of a standpipe in the 

pond. The nutrient concentration of the inflow measured between 21 September and 30 

October 2020 is shown in Figure 3-4. The Ulva spp. was detached and free-floating in the 

HRAP and circulated around the raceway with the water flow. 

Figure 5-4. The mini-HRAP supplied semi-continuously with settled pāua farm effluent from 

which the feed Ulva spp. was collected for the pāua feeding experiment. 
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 Pāua Sourcing 

A total of 142 juvenile pāua that were 10-month-old from the same breeding cohort were 

provided by Moana Ltd on 8 September 2020, leaving a culture facility that was operating at a 

seawater temperature of 16.8 ℃. Upon transfer to the experimental culture system, the water 

temperature was adjusted to 16.8 ℃ and was gradually raised daily by 0.2 ℃ until it reached 

18 ℃ to acclimate the pāua. The juvenile pāua continued to be fed on formulated feed pellets 

at a ration of 0.4% dry weight of pāua body weight once a day. 

 Pāua Tagging 

On 14 September 2020, all 142 pāua were tagged with an individually numbered 16 × 8 mm 

oval shellfish tag (Hallprint Pty Ltd, Australia) (Figure 5-5). To tag pāua, the shell was first 

blotted dry with tissue paper, then cyanoacrylate glue (Loctite 406) was applied to a small area 

of the shell and the tag placed carefully with tweezers. The glue was allowed to dry for a few 

minutes in the air before the pāua was placed back into seawater to recover.  

Figure 5-5. Tagged pāua. 

Individual total weight and shell length were measured at the time of tagging. Wet weight was 

measured to the nearest 0.01 g with a digital balance. Digital callipers were used to measure 

shell length along the longest shell axis to the nearest 0.1 mm. Once the tagging and 

measuring were completed, 120 juveniles (shell length 17.0 – 24.2 mm and weight 0.53 – 1.48 

g) were randomly assigned to the 12 tanks (four diet treatments and three replicates for each 

treatment). The remaining 22 tagged pāua were moved to a spare experimental tank to be 

available to replace pāua in case of any mortalities during the experiment in order to maintain 

pāua densities in the tanks. Pāua were held in the experimental system for four days to recover 

from handling and tagging and a small number of mortalities were replaced with randomly 
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selected individuals from a tank of spare tagged animals held under the same conditions. All 

tanks were provided with formulated feed at 0.4% of body weight once per day. The 

experiment began with the partial replacement of formulated feed with Ulva spp. in three of 

the four treatments from 19 September 2020. Any subsequent pāua mortalities were replaced 

with randomly selected pāua from the holding tank, but their growth was not subsequently 

monitored. From 15 October 2020, the feed ration was increased from 0.4 to 0.5% given the 

low levels of uneaten feed observed in the experimental tanks at this time. 

 Apparent Feed Intake 

The apparent feed intake of formulated food and Ulva spp. was measured on nine occasions 

(i.e., weekly) during the 38-day duration of the experiment. Every 24 hours after the food had 

been fed to the experimental pāua, each tank was siphoned clean through a 500 µm sieve to 

measure any uneaten food. The uneaten food material was rinsed in freshwater and then sorted 

into Ulva spp. and formulated feed pellets, and then dried in an oven for 24 hours at 80 °C and 

then weighed to determine dry weight. To determine potential losses of dry mass from the 

feeds, five replicate 5 g samples of formulated feed and Ulva spp. were held in a pāua culture 

tank without pāua for 24 hours and then recovered by siphoning and processed to measure dry 

weight as done previously. 

Apparent feed intake (AFI), was then calculated as an estimate of the actual dry weight (DW) 

(g) of feed consumed, as: 

AFI = DW of feed − [DW of leftover + �DW of leftover feed ∙
leaching loss rate

100 �] 

 Statistical Analyses 

Growth increments for individual pāua were calculated by subtracting the starting size (shell 

length or mass) from their final size. Growth increments were then assessed for normality 

using a Shapiro-Wilk’s test and for homogeneity of variance using a Levene’s test. If data 

conformed to these parametric assumptions, then a one-way nested analysis of covariance 

(ANCOVA) was used to compare growth increment among treatments, and among tanks 

nested within treatment, using starting size as a covariate factor to control for possible 

differences in growth increment associated with starting size. Where the covariate was found 

to be not significant, the analyses were re-run as a nested ANOVA without the covariate factor 

to preserve the degrees of freedom for testing for the experimental factors. Where overall 



81 

 

significant differences were identified, Tukey’s pairwise comparisons were used to identify 

differences between means. Apparent feed intake for the eight measurements taken for each 

tank over the course of the experiment was analysed with a two-way nested ANOVA, using the 

date of measurement and feed treatments as factors, and tanks nested within treatments. The 

proportional apparent feed intake data were transformed with an arcsine transformation and 

confirmed to conform to assumptions for parametric analyses as described previously. The 

data for the apparent feed intake for formulated feed and Ulva spp. were analysed separately. 

All means were presented with ±standard deviation. 

5.3. Results 

The seawater temperature in the experimental pāua tanks was consistently kept at 18.0 ℃ 

throughout the 46 days of acclimation and experimentation with a mean of 18.0 ±0.1 ℃ 

ranging between 17.9 ℃ and 18.5 ℃. 

The mean seawater pH was 8.00 ±0.08 and dissolved oxygen saturation was 86.1 ±7.8%. 

There were only two pāua mortalities during the experiment which occurred in the 5% and 

20% treatments. 

The growth increment of individually tagged pāua for both shell length and wet weight was 

not related to their starting size (F(1,117) =0.98, P =0.32, F(1,117) =0.29, P =0.59 respectively) and 

therefore starting size was not included as a covariate factor in the subsequent analysis. 

The growth of pāua as measured by shell length was not affected by the four feeding 

treatments (F(3,117) =0.13, P =0.94) or among tanks within treatments (F(8,117) =0.45, P =0.89) 

(Figure 5-6). Mean pāua shell length increased by 1.5 ±0.2 mm over the 38-day experimental 

period, with growth increment ranging from -0.2 to 4.5 mm. 

The growth of pāua as measured by wet weight was not affected by the four feeding treatments 

(F(3,117) =0.28, P =0.84) or among tanks within treatments (F(8,117) =0.41, P =0.91) (Figure 5-7). 

Mean pāua wet weight increased by 0.22 g ±0.15 over the 38 days experimental period, with 

growth increment ranging from 0.09 to 0.63 g. 

The apparent feed intake for Ulva spp. was 100% for every tank within all four treatments for 

all measurement events taken over the course of the 38-day experiment. The apparent feed 

intake for the formulated feed was more variable and ranged from 10.9 to 100% overall for the 

four treatments, tanks and measurement events. The apparent feed intake of the formulated 
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feed did not differ among treatments (F(3,95) =2.23, P =0.09) or among tanks with treatments 

(F(8,95) =1.78, P =0.10), however, feed intake was different among dates (F(7,95) =31.94, P 

<0.0001), but not for the interaction of dates with treatment (F(21,117) =1.37, P =0.17). The first 

three apparent feed intake measurements for the formulated feed taken on 20 and 27 

September, and 4 October 2020 were all lower (87.0 ±4.9%, 78.9 ±19.8%, 58.6 ±25.4% 

respectively) (Tukey’s, P <0.05) than for the subsequent five measurements regardless of 

treatment or tank (95.6 ± 7.5%). 

Around a third (30%) of the dry weight of the formulated feed leached over 24 h in seawater, 

whereas there was no change in the Ulva spp. over this period. 

Most pāua did not hide under the arch-shaped structure (Figure 5-2). Rather, pāua were more 

often found in a row in the narrow space between the arch-shaped structure and the tank wall 

and hiding below the margin of the artificial grass around the tank.  
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Figure 5-6. Mean shell increment (±s.d.) of juvenile pāua for four feed treatments involving 

the replacement of different proportions of a formulated diet with Ulva spp. Data pooled for 

each treatment from among three replicate tanks. Means with different letters above the bars 

are significantly different (P <0.05). 
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Figure 5-7. Mean wet weight increment (±s.d.) of juvenile pāua for four feed treatments 

involving the replacement of different proportions of a formulated diet with Ulva spp. Data 

pooled for each treatment from among three replicate tanks. Means with different letters above 

the bars are significantly different (P <0.05). 



84 

 

5.4. Discussion 

Maintaining rapid growth in aquaculture species is usually critical to the economic viability of 

a commercial aquaculture operation. The quality of the food that is provided to aquaculture 

species is a major determinant of the growth of the cultured species. Consequently, there is a 

risk of compromising growth by substituting a high nutrient density formulated feed with low 

nutrient density natural feed. In this study, an assessment was made of the potential for 

replacing the formulated abalone feed (Abfeed®) with macroalgae, Ulva spp., that had been 

grown in abalone farm effluent. The nutrient content of some macroalgal species, such as Ulva 

and Gracilaria, are frequently dependent on the nutrient availability in the waters in which 

they are grown. Many Ulva spp. can take up to 90% of the available dissolved nitrogen from 

aquaculture effluent and as a result contain around 3 to 10 times the protein content when 

compared to the same species reared in nutrient-poor water (Boarder & Shpigel, 2001; Dlaza, 

2006; Neori et al., 1998; Robertson-Andersson, 2003; Robertson-Andersson et al., 2006; 

Robertson-Andersson et al., 2011; Shpigel et al., 1999). Several abalone species have been 

shown to have higher growth when fed with Ulva that was cultured in enriched seawater, e.g., 

H. tuberculata (Neori et al., 1998; Shipgel et al., 1999), H. discus hannai (Shpigel et al., 

1999), and H. roei (Boarder & Shpigel, 2001). 

In the current study, there was no difference in the survival or growth of juvenile pāua (as 

measured by changes in shell length and wet weight), when fed with a dry pelleted formulated 

diet (Abfeed®) alone or when replaced with 5, 10, or 20% fresh Ulva spp. by dry weight over a 

period of 38 days. The results indicate that up to 20% of the Abfeed® diet can be replaced by 

Ulva spp. without compromising the production of juvenile pāua. A 20% substitution of 

Abfeed® is economically beneficial given that this feed costs NZ$3.60 kg-1. 

A previous study found that a range of different macroalgal diets fed to cultured juvenile H. 

midae (South African abalone) over 9 months consistently outperformed the growth generated 

by feeding the formulated diet Abfeed® (Naidoo et al., 2006). A diet comprised of a mix of 

three fresh macroalgae species (i.e., Gracilaria gracilis and U. lactuca that were grown in 

abalone and turbot farm effluent, and wild-harvested E. maxima) produced the highest growth 

(0.066 mm d-1 shell length and 0.074 g d-1 wet weight), followed by a fresh E. maxima diet 

(0.055 mm d-1 and 0.056 g d-1), a fresh E. maxima diet which was combined with Abfeed® 

(0.053 mm d-1 and 0.055 g d-1), and an Abfeed® only diet showed the lowest growth (0.049 

mm d-1 and 0.046 g d-1). The feed ration was not reported and the apparent feed intake was not 
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measured in this previous study, making closer comparisons with the current study difficult. 

Regardless, the results are consistent between the two studies that macroalgae, including Ulva 

spp., can partially replace formulated feed successfully without compromising abalone growth. 

The relatively high growth of juvenile H. midae that were fed G. gracilis and U. lactuca that 

had been cultured in aquaculture effluent was attributed to their higher nitrogen content (i.e., 

protein) compared with wild seaweed (Robertson-Andersson, 2004). For example, U. lactuca 

is reported to typically have a protein content of 33.4% when grown in abalone effluent, and 

36.6% when grown in turbot aquaculture effluent compared to only 3.7–19.9% when growing 

in the wild (Robertson-Andersson, 2004). 

The apparent feed intake for Ulva spp. was consistently 100% in 5, 10, and 20% Ulva spp. 

treatments indicating that pāua responded immediately to the presence of the macroalgae once 

fed out and that this high attraction and consumption of Ulva spp. continued throughout the 

duration of the experiment. In contrast, the apparent feed intake for formulated feed ranged 

from 10.9 to 100% overall for the four diet treatments. Pāua consumed the same proportion of 

the available formulated feed in each feed treatment (i.e., mean 88.7 ± 17.2% overall), so 

effectively they consumed a lower amount of formulated food as the proportion of Ulva spp. 

was increased. The increase in overall feed ration from 0.4 to 0.5% on 15 October 2020 did 

not affect the intake of either Ulva spp. or formulated feed in any of the dietary treatments. 

The proportion of the formulated feed ration that was consumed by the pāua increased 

significantly over the course of the experiment but was not different among the different feed 

treatments. The first three apparent feed intake measurements for the formulated feed taken on 

20 and 27 September, and 4 October 2020 were all lower (87.0 ±4.9%, 78.9 ±19.8%, 58.6 

±25.4% respectively) (Tukey’s, P <0.05) than for the subsequent five measurements regardless 

of treatment or tank (95.6 ±7.5%). The initial low apparent feed intake for formulated feed 

may be a consequence of handling stress associated with the movement of the pāua into the 

culture tanks and the attachment of tags. However, there was not a corresponding effect on the 

apparent feed intake for Ulva spp., which was completely consumed every time it was fed out, 

including at the start of the experiment and when the overall feed ration was increased from 

0.4% to 0.5%. The initial lower intake of formulated feed may be a response to the 

introduction of Ulva spp. to the diet of the pāua for the first time. From its initial introduction, 

there was a clear and immediate preference for consuming Ulva spp., which may have resulted 

in the decrease in the consumption of formulated feed for the first two weeks. However, the 

lower initial consumption of formulated feed was also present in the 0% Ulva spp. feed 
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treatment. An extract derived from fresh Ulva spp. has previously been used to promote 

feeding cultured abalone, ultimately leading to increased growth (Jan et al., 1981). However, 

in the current study, there was no overall increase in food intake in any of the treatments 

provided with fresh Ulva spp. which may be due to the physical presence of the macroalgae 

upon which the pāua were able to feed whereas Jan et al. (1981) provided only an extract to 

stimulate feeding of abalone on formulated feed. 

Ulva spp. is considerably bulkier than the formulated food because of its higher moisture 

content which was ~80%, on average in the present experiment. Consequently, pāua in the 

20% Ulva spp. feed treatment were on average consuming around 81.0 ±6.1% greater volume 

of food than pāua in the 0% Ulva spp. feed treatment suggesting that there is potential to 

increase overall nutrient intake in pāua by providing a more appealing diet. 

A 38-day experimental period may have been insufficient to fully reveal growth differences 

among the diet treatments. Nutrient deficiencies in aquaculture diets frequently take some time 

to begin to express themselves in terms of reduced growth, health or survival (Oliva-Teles, 

2012). Given the reduced intake of formulated feed during the first two weeks of the 

experiment for whatever reason, a longer-term experiment may have ultimately revealed 

differences among the four dietary treatments.  

In conclusion, there was no difference in the survival or growth of juvenile pāua (as measured 

by changes in shell length and wet weight), when fed with a formulated diet, Abfeed®, alone or 

when replaced with 5, 10, or 20% fresh Ulva spp. by dry weight over a period of 38 days. The 

results indicate that up to 20% of the Abfeed® diet can be replaced by Ulva spp. grown in the 

pāua farm effluent without compromising the production of juvenile pāua. A 20% substitution 

of Abfeed® is economically beneficial given that this feed costs NZ$3.60 kg-1. 
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Chapter 6. General Discussion 

The research that is presented in this thesis is the first preliminary study to assess the 

possibility of using integrated multi-trophic aquaculture (IMTA) to culture both New Zealand 

abalone (pāua) and Ulva spp. Incorporating macroalgal culture into IMTA aims to alleviate the 

impact of eutrophication associated with the discharge of nutrient-rich aquaculture effluent 

which improves the environmental acceptability of aquaculture whilst also providing a 

macroalgae product as a pāua feed to reduce production costs. Experiments conducted in this 

thesis were designed to: 

1) Find a suitable Ulva spp. culture system to remove nutrients from pāua aquaculture 

effluent. 

2) Determine the macroalgal biomass production rate from culture systems for use as a 

feed. 

3) Test the suitability of using effluent-grown Ulva spp. as a pāua feed. 

The nutrient uptake and growth of Ulva spp. were tested in three different culture systems, a 

suspended macroalgal culture system – representing a high rate algal pond, and two algal turf 

scrubber (ATS) culture systems with attached macroalgae (i.e., the typical land-based system 

and a novel floating system). A series of experiments was conducted including: the 

consecutive batch, semi-continuous, and nutrient spiked semi-continuous culture experiments. 

The suitability of effluent-grown Ulva spp. as a replacement for formulated feed for juvenile 

pāua was then tested. Four different rates of replacement of formulated feed with fresh 

effluent-grown Ulva spp. were compared, i.e., 0, 5, 10 and 20% replacement. 

6.1. Batch Culture 

In the batch culture experiment, macroalgae grew well and removed ammoniacal-N (from ~1.5 

to 0 mg NH3-N L-1) from the pāua aquaculture effluent in just 0 – 3 days for both ATS culture 

systems and 1 – 6 days for the suspended culture system. However, the nitrate concentration 

(~2.4 mg NO3--N L-1) was not reduced below 1 mg NO3--N L-1 in any of the culture systems, 

while dissolved reactive phosphorus (DRP) was too low to measure. The highest growth rates 

of the macroalgae measured in each culture system were 12.5 g m-2 d-1 (suspended culture 

system), 8.3 g m-2 d-1 (floating ATS culture system), and 1.6 g m-2 d-1 (land-based ATS culture 
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system), but these were highly dependent on the initial biomass present in the culture systems, 

increasing with higher initial biomass. 

6.2. Semi-Continuous Culture 

In the semi-continuous culture experiment, the macroalgae continued to grow well and 

removed ammoniacal-N (from 1.23 to ~0.06 mg NH3-N L-1) from the pāua aquaculture 

effluent (with 94, 98, and 99% removal was achieved by the suspended culture system, 

floating ATS culture system, and land-based ATS culture system, respectively) even at a 1-day 

hydraulic retention time (HRT). However, the ~2.4 mg NO3--N L-1 in the pāua aquaculture 

effluent was not reduced below 1 mg NO3--N L-1 by any of the culture systems, and the DRP 

concentration was still below detection. The highest growth rate of macroalgae in each culture 

system at 1-day HRT was 6.3 g m-2 d-1 (suspended), 7.7 g m-2 d-1 (floating ATS), and 16.2 g m-

2 d-1 (land-based ATS). 

6.3. Spiked Semi-Continuous Culture 

In the spiked semi-continuous culture experiment, the pāua aquaculture effluent nutrient 

concentration was artificially increased to ~30 mg NH3-N L-1 and ~3 mg DRP L-1. The land-

based ATS culture system showed the most potential for phycoremediation of aquaculture 

effluent and production of macroalgal biomass as it had the highest ammoniacal-N removal 

(>90%) and macroalgal growth rate (8.3 g m-2 d-1). However, the land-based ATS culture 

system was contaminated by nitrifying bacteria, which led to the accumulation of nitrate-N (up 

to 13 mg NO3--N L-1). Also, the land-based ATS culture system appeared to be susceptible to 

contamination by colonial cyanobacteria which may outcompete the macroalgae. In contrast, 

the suspended culture system consistently had lower (and less consistent) ammoniacal-N 

removal (~75%) and had the lowest growth rate (4.2 g m-2 d-1). The suspended culture system 

was often contaminated by phytoplankton at the spiked (i.e., relatively high) inflow nutrient 

concentrations but was not contaminated by nitrifying bacteria. Therefore, the land-based ATS 

culture system and possibly the suspended culture system warrant further evaluation at both 

mesocosm-scale and large-scale. 

The land-based ATS culture system appears to help the establishment of sustainable 

nitrification by providing both a large area of the wetted surface (i.e., providing a physical 

surface area for nitrifying bacteria to establish on) and a large area of the water-air surface 

(i.e., establishing an aerobic environment) (Table 6-1, Table 6-2). The establishment of 
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colonial cyanobacteria in both ATS culture systems appears to be possibly associated with low 

movement of the macroalgae and surplus nutrient in the water.
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Table 6-1. Summary of relative nutrient removals between the three macroalgal culture systems and the contamination issues during the spiked semi-
continuous culture experiment. Notable differences are marked and matched with relevance (influencers: , , ; consequences: , , ) – see 
with Table 6-2.  

Culture system Ammoniacal-N 
removal 

Nitrate-N removal DRP removal Nutrient least 
removed 

Remarks 

Suspended Low High High Ammoniacal-N Phytoplankton contamination 

Floating ATS Medium High Medium Ammoniacal-N Cyanobacteria & phytoplankton contamination 

Land-based ATS High Low Low Nitrate-N Slight cyanobacteria contamination and nitrification 

 

Table 6-2. Summary of the physical differences between the three macroalgal culture systems during the whole research period. Notable differences are 
marked and matched with relevance (influencers: , , ; consequences: , , ) – see with Table 6-1. 

Culture system Daily minimum 
temperature 

Daily solar 
radiation 

Area of the wetted 
surface Water mixing Macroalgae 

movement 
Area of the water-

air surface 

Suspended Low Low Low High High Medium 

Floating ATS High Low Medium Low Low Low 

Land-based ATS Low High High High Low High 
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6.4. Effect of Feeding Cultured Ulva spp. on Juvenile Pāua Growth 

Effluent grown-Ulva spp. was found to be an effective feed for pāua with no significant 

difference in the survival or growth of juvenile pāua measured even when 20% of a formulated 

diet (Abfeed®) was replaced with fresh Ulva spp. during a 38-day feeding trial. A 20% 

substitution of Abfeed® is economically beneficial given that this formulated feed currently 

costs NZ$3.60 kg-1. 

Further feed research should be conducted to determine if: 

1) Substitution of Abfeed® feed at greater than 20% with Ulva spp. can also maintain the 

growth and survival of pāua in the same manner as shown with ≤20% substitution in 

the current research. 

2) A longer duration feeding experiment may result in significant differences in growth 

becoming apparent compared with pāua fed on 100% Abfeed®. 

6.5. Two Foci of Integrated Multi-Trophic Aquaculture of Pāua and Ulva 

spp. 

The total seawater volume in Moana Ltd’s pāua aquaculture facility (a partial recirculating 

system) is 1 × 106 L which is used to farm 80 t of pāua. The facility uses ambient seawater at 

9,000 L minute-1 and discharges effluent at a similar rate. The facility has two effluent 

discharges; a drum filter backwash effluent (180 L minute-1) which then passes through a 

settling pond to remove solids before discharge to sea; and drum filtered-effluent (8,820 L 

minute-1) which is discharged directly back to the sea. The mean nutrient concentrations in the 

drum filter backwash discharge are considerably higher than for the drum filtered seawater 

(Table 6-3), most likely due to the direct contact with high nutrient solids, such as faeces and 

waste food.  

The efficiency of production of macroalgae and the effectiveness of phycoremediation of 

aquaculture effluent have some opposing requirements in IMTA. The removal of nutrients 

from effluent can require exposing macroalgae to nutrient levels that are lower than required 

for maintaining optimum growth and generating higher protein content in the resulting 

macroalgae. Conversely, maintaining higher nutrient levels to maximise macroalgae growth 

will result in the treated effluent containing higher nutrient levels when discharged to the 

environment. As a result, IMTA systems need to manage these two competing production 
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aims. 

 The Main Purpose 1: Phycoremediation of Effluent 

If the main purpose of a pāua-macroalgae IMTA system is the phycoremediation of effluent, 

then the culture system should be operated to promote nutrient removal. 

The most relevant results from this current study that can be used to estimate the potential 

performance of a full-scale system are from the 1-day HRT semi-continuous culture 

experiment for which nutrient removal and algal productivity data were generated, i.e., algal 

productivity of 8.85 g m-2 d-1 for the land-based ATS culture system. This experiment occurred 

during the Austral spring season, which is likely to be broadly representative of the annual 

mean value for operating this system across seasonal differences. 

The Moana Ltd pāua farm currently discharges ~260,000 L d-1 of drum filter backwash to the 

settling pond which contains a total inorganic nitrogen (TIN; NH3-N and NO3--N) load of 907 

g d-1 (see, Table 6-3). To treat the total daily flow of drum filter backwash effluent at 1-day 

HRT a culture system area of 1,200 m2 (~100 × 12 m) would be required based on the 

phycoremediation performance of the land-based ATS culture system in this current study. The 

total amount of Ulva spp. produced by treating the backwash effluent could be 10,700 g d-1 in 

an equivalent to the land-based ATS culture system. 

Assuming that 80 t of cultured pāua are fed a diet consisting of 20% Ulva spp. (which weighs 

0.4% of pāua body weight) and 80% formulated feed, then the required dry weight biomass of 

Ulva spp. is 64,000 g d-1 which is ~6-times the total production of the land-based ATS culture 

system (10,700 g d-1). So, the total daily production of Ulva spp. from an ATS culture system 

could be used to substitute up to ~7% of the formulated diet for pāua. 

The additional ~53,000 g d-1 of Ulva spp. required to make up the ~20% supplement of the 

formulated diet could be produced using the drum filter effluent. Assuming that the TIN to 

Ulva spp. conversion ratio of the drum filtered effluent is similar to that measured for the drum 

filter backwash effluent, the additional 53,000 g d-1 of Ulva spp. could be produced from 

~10% of the flow (~1,290,000 L) of drum filter effluent using a 6,000 m2 (100 × 60 m) land-

based ATS culture system. 

So, production of Ulva spp. to substitute 20% of the formulated-pellet diet for 80 t pāua, 

would require a total land-based ATS culture system area of ~7,200 m2 (100 × 72 m). Such a 

land-based ATS culture system could also be expected to provide a relatively higher biomass 
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growth. 

All culture systems warrant further evaluation at both mesocosm-scale and large-scale. There 

is potential to improve overall performance through experiments that will determine the: 

1) Optimal initial macroalgae biomass concentration, which is also related to harvest 

frequency, to provide complete nutrient removal while not compromising high biomass 

growth. 

2) Lowest HRT (<1 day) to provide the highest nutrient removal efficiency. 

3) Optimal macroalgal harvest rate to maintain the highest nutrient removal efficiency 

while not compromising actively growing macroalgal biomass. 

Table 6-3. Mean nutrient concentration of drum filter backwash effluent and drum filtered 

effluent discharged from Moana Ltd’s pāua aquaculture facility. *Mean values from the data 

collected during the batch and semi-continuous culture experiments in this study. **Mean 

values from four measurements with a 1-month-interval (conducted during the current 

research period). 

Nutrient 
Concentration in drum filter 

backwash effluent (mg L-1)* 

Concentration in drum 

filtered- effluent (mg L-1)** 

Ammoniacal-N (NH3-N) 1.2 0.1 

Nitrate-N (NO3--N) 2.3 1.2 

DRP (DRP) 0 0 

 

 The Main Purpose 2: Macroalgal Production 

If the main purpose of a pāua-macroalgae IMTA system is to culture macroalgal biomass using 

effluent from the pāua aquaculture system then the most relevant results from the current study 

from which to estimate full-scale system performance are from the spiked semi-continuous 

culture experiment. Both the land-based ATS culture system and the suspended culture system 

warrant further evaluation at both mesocosm-scale and large-scale for this purpose. Four 

operation protocols have the potential to improve overall performance, and consequently, 

require additional testing that will determine the: 
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1) Optimal initial macroalgae biomass concentration, which is also related to harvest 

frequency, to maintain the highest biomass growth while not compromising nutrient 

removal efficiency. 

2) Optimal macroalgal harvest rate to maintain an actively growing macroalgal biomass, 

while not compromising nutrient removal efficiency. 

3) Optimal HRT (<3 days) to provide the highest biomass growth (at inflow 

concentrations of ~20 mg NH3-N L-1 and ~2 mg DRP L-1) whilst also avoiding 

phytoplankton or nitrifier contamination, which is more problematic at higher nutrient 

inflows. 

4) Potential for integration of the land-based ATS culture system and suspended culture 

system which may enable more complete and consistent nutrient removal in two 

possible ways; either by recirculating between the two types of systems or flowing 

from the land-based ATS culture system to the suspended culture system. The 

combination of the two systems may be advantageous because higher ammoniacal-N 

removal in the land-based ATS culture system may reduce the potential of 

phytoplankton contamination in the suspended culture system, which can remove 

nitrate-N remaining from the prior treatment in the land-based ATS culture effluent 

(see, Table 6-1, Table 6-2). 

6.6. Conclusions 

1) Based on the current research, it is estimated that complete removal of ammoniacal-N 

(0 mg L-1) and near-complete nitrate-N removal (~1 mg L-1) from the drum filter 

backwash effluent produced by Moana Ltd’s pāua aquaculture facility could be 

achieved in any of the three macroalgal culture systems at a surface area of 1,280 m2. 

For higher macroalgal production or phycoremediation in much higher nutrient 

concentrated water, the land-based ATS culture system, or integration of the land-based 

ATS and suspended culture systems could provide the highest performance, but this 

needs further research to optimise HRT, surface area requirements, initial nutrient 

concentrations, initial biomass for macroalgal cultures, and macroalgal harvest 

frequency. 

2) Effluent grown-Ulva spp. was found to be an effective replacement for at least 20% of 

a formulated diet for pāua (i.e., Abfeed®). 
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3) Based on the results from the current study, it is estimated the daily production of 

64,000 g of dry weight biomass of Ulva spp., which would replace 20% of the 

formulated diet for the 80 t pāua, could be grown in a 7,230 m2 (100 × 72.3 m) culture 

system area using 100% of the drum filter backwash effluent (259,200 L d-1) and 10% 

of the drum filtered effluent (1,290,087 L d-1). 

This preliminary research suggests the great potential of IMTA for pāua and Ulva spp. in New 

Zealand through recovering nutrients from pāua aquaculture effluent to be used to culture 

fresh seaweed as feed for pāua. This IMTA approach will also serve to alleviate the negative 

environmental impacts of the discharge of nutrients from aquaculture effluent and help to 

increase societal acceptability. The co-culture of macroalgae has the potential to be applied to 

many other aquaculture species and may become an important component of future 

sustainable aquaculture systems.  
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Appendixes 

 

 

Figure A1. Three macroalgal culture systems (1st column, suspended culture system; 2nd column, floating ATS culture system; 3rd 
column, land-based ATS culture system) on the initial day of Set 2 during the batch culture experiment (23 July 2020). 1st row, 
experimental groups; 2nd row, control groups. 
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Figure A2. Three macroalgal culture systems (1st column, suspended culture system; 2nd column, floating ATS culture system; 3rd column, land-
based ATS culture system) on the final day of Set 2 during the batch culture experiment (26 July 2020). 1st row, experimental groups; 2nd row, 
control groups. 
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Figure A3. Three macroalgal culture systems (1st column, suspended culture system; 2nd column, floating ATS culture system; 3rd column, land-
based ATS culture system) on initial day of Set 4 during the batch culture experiment (8 September 2020). 1st row, experimental groups; 2nd row, 
control groups. 
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