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Abstract

Filamentous algae nutrient scrubbers (FANS) are ecologically engineered flow-ways that have
recently been proposed as a potential on-farm method to treat agricultural drainage in New
Zealand. The effectiveness of FANS systems to remove nutrients from polluted waters and to
produce algal biomass as a harvestable by-product is heavily influenced by operational
parameters. As filamentous algae grow on a flow-way, the thickness of the algal biomass
increases and begins to reduce light penetration and nutrient assimilation. Therefore, periodic
harvesting of the accumulated algal biomass plays a key role in determining the biomass
production and nutrient removal performance of FANS systems.

The overall aim of this study was to investigate the influence of harvest frequency and harvest
regime on biomass productivity and nutrient removal of an outdoor FANS system. The FANS
system used in this study consisted of six flow-ways that were split into two sets of triplicate
flow-ways named “FULL” and “PARTIAL”. Harvesting of the FULL replicate flow-ways
occurred once a week, where algal biomass accumulated along the entirety of the flow-way
was collected. Harvesting of the PARTIAL replicate flow-ways occurred twice a week, where
the algal biomass was collected in alternate meter sections (a total of 3-metre harvest length
every 3 — 3.5 days).

The increased harvest frequency (3 — 3.5 days) and sectioned harvest regime implemented in
the PARTIAL replicate flow-ways significantly improved biomass productivity (3.2 g DW m’
2. d) in comparison to the less frequent (7 — 7.5 days) and total harvest regime implemented in
the FULL replicate flow-ways (0.9 g DW m™. d). However, there was no significant difference
in nutrient removal rates between the PARTIAL and FULL replicate flow-ways. There is still
limited understanding of how operational parameters can be optimized to maximise biomass
productivity and nutrient removal in FANS systems on a year-round basis. However, the
findings of this study demonstrate that an increased harvest frequency and sectioned harvest
regime can improve the biomass yield of filamentous algae grown on an outdoor FANS system
during spring to summer months.

Furthermore, this study has suggested the potential for Maori acceptance of FANS technology
and algal biomass use. In person interviews with whanau and iwi members recalled use of algal
biomass harvested from rivers and streams as fertilizer for vegetable gardens or bait for eel
trapping. Moreover, the literature review and in person interviews highlighted the importance
of identifying and using nga kupu (words and terms) used by Maori to describe freshwater
algae. The intergenerational observation and utilization of algae as a resource by Maori may
reveal an awareness of biological processes that either differs or compliments a Western
Science point of view. Incorporating this knowledge into current water and environmental
management practices could be extremely beneficial for improving water quality of streams in
Aotearoa New Zealand.
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Glossary of Maori terms

Maori term
Awa
Hapua
Iwi
Kai
Kaitiaki
Kaitiakitanga
Kakahi
Kaupapa Maori
Korero
Koura
Kowaro
Kupu
Mahinga kai
Mana
Manaakitanga
Maori
Maramataka
Marae
Matauranga Maori
Mauri
Ngati Haua
Ngati Mahanga
Ngati Pikiao
Ngati Te Wehi
Papatuanuku
Pikohu wai
Puna
Rahui
Ranginui
Rohe
Rongoa
Taonga
Tangata whenua
Te Ao Maori
Tikanga
Wai
Wahi tapu
Whakapapa
Whanau

Meaning/translation
River

Subtribe
Tribe
Food
Guardian
Guardianship
Freshwater mussel
Maori way of doing things
Talk
Freshwater crayfish
Canterbury mudfish
Words
Gathering of culturally significant food
Strength/power
Hospitality/kindness /generosity/support
Indigenous people of New Zealand
Maori lunar calendar
Meeting house
Maori knowledge
A binding force between the physical and spiritual worlds
Maori tribe from Tainui canoe
Maori tribe from Tainui canoe
Maori tribe from Te Arawa canoe
Maori tribe from Tainui canoe
Earth Mother
Algae
Spring of water
Prohibition of harvesting resources from an area
Sky Father
Tribal territory or tribal homelands
Traditional Maori healing system
Treasure
People of the land
Maori world
Customs or practices
Water
Sacred place
Genealogy
Family



Chapter 1

Introduction

1.1 Background

Land-use activities and land use changes have significant ecological consequences that are
spread across local, regional, and global scales. The conversion of natural landscapes for
human use is being driven at an unprecedented rate by the need to provide food, water, and
shelter to a rapidly growing human population (Meyer and Turner, 1994; Foley et al., 2005).
Agricultural land-use, in particular, has been highlighted as one of the most significant and
pervasive human alterations to the global environment (Matson et al., 1997). It is often
viewed as a double-edged sword; on one hand, agricultural land use offers an undeniable
source of food security. However, on the other hand, agricultural land-use has been well
documented to be associated with negative ecological impacts such as biodiversity loss and
environmental degradation (Chapin et al., 2008; Kehoe et al., 2015; Tsiafouli et al., 2015).
Our collective dependency on agricultural land-use presents us with a difficult dilemma, as
these landscapes cover one third of the planets ice-free surface and account for 40% of all
potentially productive land (Ramankutty et al., 2008). Although agricultural practices and
intensity differs across the globe, the overall consequences remain the same: over-
exploitation of natural resources for human consumption, at the expense of further
deterioration in environmental conditions. The global need to balance our reliance on
agricultural products and services with the need prevent further environmental degradation
and biodiversity loss has never been more pertinent.

In New Zealand, the agriculture industry plays a key role in stimulating the country’s
tradeable economy, with products from this sector accounting for nearly 50% of all
merchandise exports (OECD 2019; Ministry of Primary Industries 2021; Caradus et al.,
2022). Moreover, the agricultural industry provides a significant number of employment
opportunities. In the year 2019, approximately 5.8% of New Zealand's work force were
employed within the agriculture sector (Ma et al., 2022). These figures are a reflection of the
country’s mild and wet temperate climate, low population to land ratio, and fertile soil, all of
which have contributed to the agriculture industry becoming an integral part of New
Zealand’s social and economic identity.

New Zealand’s agriculture industry is complex and comprised of many primary sub-sectors
(sheep and beef, dairy, deer, goats, pigs, and timber), along with various forms of
horticulture, cropping and viticulture (Brown et al., 2020). Grassland farming (sheep/beef and
dairy) is the country’s most profitable primary sub-sector, as it accounts for about two-thirds
of New Zealand’s agricultural exports (Apatov et al., 2015). An early quote by G. H. Holford
encapsulates the perceived and true value of grassland farming to New Zealand’s economy:
“After air, light and water, the next most important thing is grass. We all know it exists in all

lands to some extent, but there is no country in the world so dependent on grass as New
Zealand” (Holford, 1933).



The Waikato region is at the heart of New Zealand’s agricultural success, generating over
20% of the nation’s primary exports (MBIE, n.d.). Dairy farming is the primary component of
the regions agricultural production and exports, which is no surprise given that the majority
of dairy herds (70.7%) are located in the North Island, with the greatest concentration
(28.3%) situated in the Waikato region according to a recent report (LIC and DairyNZ, 2022).

That being said, this valuable industry is under mounting pressure to reduce its environmental
impact, as concerns continue to grow over the amount of energy and water needed to operate
dairy farms across the country, subsequently leading to large quantities of effluent and
greenhouse gas emissions (Flemmer, 2012). Furthermore, the input of excessive nutrient
loads from farmlands into waterways across the country is yet another issue of significance
for farmers, environmental scientists, and policymakers alike (Rajanayaka et al., 2020).

Considering these issues, this introductory chapter will address the topic of water quality
deterioration on a global and local scale. Furthermore, the specific impacts of agriculture will
be examined with a particular focus on agricultural drainage in freshwater ecosystems.
Additionally, this chapter will discuss algal bioremediation technology as a potential solution
to mitigate New Zealand’s agricultural water pollution issues. Finally, this chapter will
discuss the importance of incorporating Matauranga Maori (indigenous knowledge) into
future environmental studies within New Zealand.

1.2 Water Quality Deterioration

Water quality deterioration is a global issue that confronts both marine and freshwater
ecosystems (Harding et al., 1999; Smith, 2003; Smith et al., 2006; Duprey et al., 2016; Plew
et., 2020). As such, water quality is considered a crucial aspect in the field of ecological
research, largely due to the high global demand for water resources (Cominelli et al., 2009),
its economic value (Ward and Michelsen, 2002), association with biodiversity loss (De'ath
and Fabricius, 2010) and the link between declining water-quality and ecosystem health
(Rapport et al., 1998). Surface and ground water quality is governed by a number of natural
processes and anthropogenic factors. Climatic and geographic factors are the two primary
natural processes that influence water quality. These processes include extreme rainfall events
(downpours) resulting in high amounts of run-off, deposition of bedrock minerals by strong
winds, and natural leaching of organic matter and nutrients from soil (Khatri and Tyagi, 2015;
Ayana, 2019). The main anthropogenic factors that affect both surface and ground water
quality include deforestation (Dessie and Bredemeier, 2013), urban expansion (McGrane,
2016), and agriculture (Shortle et al., 2001).

New Zealand’s waters are no exception to the on-going issues of water quality deterioration.
In fact, trends in the declining state of freshwater ecosystems have been well documented by
environmental scientists for a number of years (Smith et al., 1996; Julian et al., 2017). Recent
national-scale assessments of trends in water quality and ecological conditions were reported
in 2015 and 2016 for lakes and rivers by Larned et al. (2016). This report analysed water
quality states and trends for 461 river sites in New Zealand from 2004 to 2013. The key
findings of this report illustrated a generally poor state of water quality for pastoral and urban
land-covered sites. Additionally, the state of water quality in lowland sites was generally



poorer than that at upland sites, and lowland urban and pastoral sites had the poorest overall
water-quality. For urban streams, a recent report by Gadd et al. (2019) highlighted an
improving trend in water quality for many sites from 2008 to 2017; however, the overall state
of water quality in urban streams was still typically poor.

Nutrients, sediments, and pathogens are the key pollutants that influence water quality
deterioration in New Zealand. However, excessive nutrient input is the key driver behind the
declining state of freshwaters in New Zealand (Howard-Williams et al., 2010; Ballantine and
Davies-Colley, 2014; Larned et al., 2016). Nutrients, specifically nitrogen (N) and
phosphorus (P), are well known for their significant impact on rivers, streams, and lakes in
New Zealand (Jarvie et al., 2010; Abell et al., 2011). Excessive inputs of nitrogen (N) and
phosphorus (P) can contribute to eutrophication in aquatic ecosystems, which leads to a
number of subsequent issues including toxic algal blooms, oxygen depletion, biodiversity
loss, and habitat and vegetation loss (Carpenter et al., 1998).

1.2.1 Agriculture and Water Quality

Agriculture is, without a doubt, a significant contributor to water quality deterioration.
Sediments, pesticides, fertilizers, and nutrients are the main agricultural pollutants that have
the most detrimental impacts on water quality. Whilst most farmers generally do not intend
for these pollutants to move from their operational activities and enter freshwater ways, they
often do (Shortle et al., 2001).

Water pollution from an agricultural context is categorized into either point source or non-
point (diffuse) source pollution. Point source, as the name suggests, is the source of pollution
that can be easily identified. Industrial discharge, dairy sheds, piggeries, septic tanks,
leachates from silage pits and farm dumps are primary examples of point source pollution
(Ministry for the Environment, 2001). In New Zealand, point source pollution has largely
(with a few notable exceptions) been reduced within past few decades or so, which has
ultimately left non-point source pollution as the country’s dominant water quality issue
(Davies-Colley 2009; Howard-Williams et al. 2011; Davies-Colley, 2013). Non-point or
diffuse pollution is defined by Campbell et al. (2005) as “pollution arising from land-use
activities (urban and rural) that is dispersed across a catchment, or sub catchment, which does
not arise as a process effluent, municipal sewage effluent, or farm effluent discharge” (p. 8).
Diffuse pollutants (nutrients, sediments, and pesticides) can enter waterways by one of three
main pathways: run-off, leaching and livestock. Run-off is the transportation of pollutants
over the soil surface, mostly through rainfall events. This particular pathway of diffuse
pollution is generally associated with stream flow and is New Zealand’s largest source of
diffuse pollution according to Howard-Williams et al. (2011). Leaching of pollutants has been
recently defined by Cloy et al. (2022) as the flow or infiltration of water and both soluble and
insoluble pollutants down through the soil profile into groundwater. Nitrate leaching, in
particular, is a problem in many dairy farmed catchments across New Zealand. Foote et al.
(2015) estimated that nitrogen leaching rates from dairy farms nationwide ranged from
around 12-200 kg N ha'! y!. Livestock urine is the dominant source of nitrate-nitrogen
leached from soil in dairy farms and accounts for as much as 90% of total N leaching (Foote
al., 2015; MfE 2019). Direct livestock access is another prominent pathway of diffuse
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pollution that impacts water quality. This includes the physical damage to vegetation, soils,
and substrates in and on the edges of lakes, wetlands, and streams by livestock. This
disturbance to landscapes in which agricultural farming takes place, increases its
susceptibility to erosion, sediment loss and pollutant runoff (Howard-Williams et al. 2011).

1.2.2 Agricultural Drainage

A common practice in the agriculture industry is the use of drainage network surface (open
drains) and subsurface (tile and mole) drains. These network drainage systems help to remove
excess surface-runoff, whilst maintaining the physical, chemical, and biological condition of
soils that is optimal for plant production and grazing (Lalonde and Hughes-Games 1997;
Nguyen and Sukias, 2002). Agricultural drainage networks also provide an important habitat
for many native animals (e.g., Giant and Banded Kokopu, Canterbury mudfish, Australasian
bittern, Mud snails, and Sandflies) (Young et al., 2000; Hudson and Harding, 2004; Eivers et
al., 2018). Furthermore, agricultural drains are an important source of mahinga kai
(watercress, eels, whitebait, and lamprey) for local iwi (Ministry for the Environment, 2001).
Although these agricultural drainage systems offer many cultural and ecological benefits, the
water within these subsurface drains or surface drainage ditches often accumulates a variety
of pollutants (faccal material, nutrients, sediments, herbicides, and pesticides) from the
surrounding farmland, which is then discharged into neighbouring downstream freshwater
systems (Ministry for the Environment, 2001). Dissolved phosphorus, organic nitrate,
orthophosphate, and particulate phosphate are the most common nutrients exported into
freshwater systems via subsurface drainage (Grant et al., 1996; Tanner et al., 2005). Diffuse
nutrients accumulated within agricultural drainage water contributes to the wider issue of
deteriorating water quality within freshwater ecosystems. Eutrophication from high
concentrations of dissolved inorganic nitrogen and dissolved reactive phosphorus in slow-
moving water often promotes the nuisance growth of algae and aquatic weeds (Davies-
Colley, 2013). The ecological consequences of eutrophication in farm waterways includes
blocking of sunlight needed by aquatic vegetation, changing the quantity and type of food
available to stream life, alteration of habitat for fish and invertebrates, and the depletion of
dissolved oxygen levels (Ministry for the Environment, 2001). Deterioration of water quality
also poses a threat to human health, restricting the use of water as a resource for drinking,
fisheries, and recreational purposes (Foy and Withers, 2002; Davies-Colley, 2013). For
instance, drinking water supplies with nitrogen levels exceeding that of 10 mg/l NOs-N are
known to cause methemoglobinemia (blue-baby syndrome), in infants and colorectal cancer
(CRC) in adults (Avery, 1999; Wolfe and Patz, 2002; Richards et al., 2022).

1.3 Algal Bioremediation — Removal Mechanisms and Technology

Algae are a diverse polyphyletic group of aquatic organisms that are classified as either
unicellular (microalgae) or multicellular (macroalgae). They, unlike higher terrestrial plants,
lack roots, stems and leaves (Bajpai, 2019). Algae produce oxygen as byproduct of
photosynthesis, which in turn increases the concentration of dissolved oxygen in the



surrounding water. Algae primarily remove nutrients from their aquatic environment through
biological uptake (nutrient assimilation) (Ray et al., 2015). However, other mechanisms such
as adsorption, filtration, volatilisation, and precipitation are also involved (Sutherland and
Craggs, 2017; Gongalves et al., 2017). Due to their wide range of physiological and
biochemical characteristics, both micro and macroalgae are able to naturally accumulate N
and P from their aquatic environment. This accumulation of nutrients also allows the algae to
produce a wide range of bioactive compounds (pigments, carbohydrates, proteins, and lipids)
stored within the accumulated algal biomass that can be utilized for commercial purposes
(Nguyen et al., 2022; Packer, 2009).

The concept of utilizing algae for their photosynthetic capability to remove nutrients from
wastewaters was first proposed in the 1960s (Oswald and Golueke, 1960). Since then,
advancements in our understandings of algal-based water treatment has allowed for the
development of more cost-effective eco-technologies that are applicable to treat a wide range
of polluted waters including municipal wastewater (Adey et al., 2011; Abou-Shanab et al.,
2014; Ge et al., 2018), stormwater (Chimney et al., 2000) and dairy wastewater (Kebede-
Westhead et al., 2003; Mulbry et al., 2005; Liu et al., 2016). For the treatment of agricultural
pollutants, current on-farm mitigation options include the construction of riparian buffer
zones within farmlands (Mander et al., 1997), which has demonstrated the capability to
reduce the concentrations of N and P entering waterways. Moreover, in-stream mitigation
measures such as constructed wetlands and denitrification bioreactors have been proven to
reduce nutrient concentrations within waterways through the utilization of nutrient uptake by
plants and microbes (Vymazal and Kropfelova, 2009; Christianson et al., 2021). Whilst these
mitigation options are indeed capable of reducing nutrient loads within agricultural
landscapes, they have not been widely applied due to the large area of land required, high
construction costs and inconsistent year-round performance (Mufioz et al., 2018; Park et al.,
2022). As such, new cost-effective treatment systems are required now more than ever.
Recent research efforts in the area of algal-based treatment technologies have since
highlighted the potential use of filamentous algae to remove nutrients from agricultural
wastewaters (Liu et al., 2016; Flores-Morales et al., 2020).

1.3.1 Filamentous Algal Treatment Systems — Algal Turf Scrubbers (ATS)

Algal turf scrubber (ATS) systems were originally developed in the early 1980s by Adey at
the Smithsonian Institution, Washington D.C., U.S.A. (Adey et al., 2013). This system was
proposed as a natural method to remove nutrients from stormwater and wastewaters using
cultured algae. Specific nutrients such as nitrogen, phosphorus, and carbon dioxide are
removed by the ATS system through direct uptake, chemical filtration, and precipitation
(Dinkins et al., 2009). An ATS system is comprised of a shallow (inclined) trough or basin
(also commonly referred to as a flow-way). Along the length of the flow-way is an overlying
screen to which the algal “turf” community attaches. Nutrient enriched water is introduced to
the system via a distribution manifold and runs down the length of the flow-way. Nutrient
removal is achieved through biological uptake and nutrient assimilation into the accumulated
algal biomass, which in turn produces oxygen as the water flows down the flow-way. The
newly treated water is then pumped back into the original waterway source with a lower



concentration of nutrients and a higher concentration of dissolved oxygen. Moreover, the
accumulated algal biomass generated through this process of nutrient removal can be
harvested and processed into high-quality compost material, livestock feed and biofuel
products (Dinkins et al., 2009; Adey et al., 2011).

The first ATS systems were initially designed to biomimic coral reef primary productivity.
These ATS systems were built to manage the quality of water under low nutrient and light
conditions in marine microcosm and mesocosm models (Adey, 1983; Adey et al., 2013).
Researchers observed high algal productivity within the algal turfs implemented at many
coral reef sites across the eastern Caribbean, ranging from 5 to 20 g m™ per day (dry weight)
(Adey et al., 2011). Furthermore, the fieldwork undertaken in these early studies allowed
researchers to understand the importance of oscillating (surge) motion that was generated
through wave action as a potential primary driver behind high marine algal productivity
(Carpenter et al., 1991; Adey and Loveland 2007; Adey et al., 2011). This observation led to
the development of small land based ATS devices in the late 1980s, as researchers began to
incorporate water flow and surge motion into ATS technology and combine this with
operational aspects such as high light intensity and frequent harvest in order to achieve high
levels of productivity. Small ATS units were also employed to treat nutrient enriched waters
such as raw sewage and chicken manure. Successful removal of both N and P was observed
in these studies, along with high levels of algal production for harvest (Adey and Loveland,
2007). By the early 1990s field-scale ATS systems began to be tested in other areas, such as
large-scale finfish aquaculture and wastewater treatment (Adey and Loveland, 2011). One of
the very first field-scale experiments investigated the use of ATS systems to treat secondary
sewage effluent was conducted in the mid-1990s by Craggs et al. (1996a). The field-scale
ATS system (152.4 m length and 6.5 m width, with a total surface area of 1012 m?) was in
Patterson, California, USA. The ATS system had a mean annual operational productivity of
35 g m™ d! along with mean annual N and P removal rates of 1.1 £ 0.5and 0.7 £ 0.2 gm? d-
! respectively (Craggs et al., 1996a; Adey et al., 2011). Further up-scaling of ATS systems
continued into the early 2000s by HydroMentia, Inc. who constructed a large 1-hectare ATS
system in a canal near Lake Okeechobee, Florida, USA, with the purpose of treating
agricultural drainage water primarily driven by cattle production. This ATS system was
operated using three individual flow-ways that were 91 m in length and 1.5 m wide. The
successful application of ATS systems to treat a range of polluted waters has been widely
demonstrated in the USA. However, the use of filamentous algal treatment systems to reduce
nutrient pollution within New Zealand’s waters is still very much in the early stages of
development and application.



1.3.2 Filamentous Algal Treatment Systems — Filamentous Algal Nutrient
Scrubber (FANS)

Filamentous algae nutrient scrubbers (FANS) are a novel algal treatment system that has
recently been proposed as a potential on-farm method to treat nutrient enriched agricultural
drainage waters in New Zealand (Hariz et al., 2022). In terms of functionality, FANS are a
derivation of ATS with a gently sloped artificial flow-way and attachment substrate that
enables the growth of filamentous algae. However, ATS and FANS systems differ slightly in
the establishment aspect of algal species used for treatment. ATS systems are generally
comprised of a non-specific algal consortia which are “self-seeded” (Mulbry et al., 2001;
Mulbry et al., 2008b; Adey et al., 2013). Whereas FANS systems are primarily seeded in a
controlled manner by rubbing algal biomass onto the FANS liner with select targeted
filamentous algae species to allow rapid and uniform establishment (Hariz et al., 2023).

Recent studies have highlighted the nutrient removal capacity of FANS systems to be
potentially higher than that of current on-farm mitigation options such as constructed
wetlands. Sutherland and Craggs (2017) proposed that FANS systems could remove twice as
much nitrogen and almost four times the amount of phosphorus (88 g N m 2 year !) (12 g P
m 2 year !) than that of constructed wetlands (40 g N m 2 year ') (3 g P m 2 year !).
Therefore, FANS systems could be a more appealing mitigation option due to the lower
amount of land required in order to achieve the same or higher levels of nutrient removal. In
terms of construction, the amount of time required to set-up a FANS system is much less (1-3
weeks for algal establishment) than a constructed wetland, which can take anywhere between
3-12 months to establish (Craggs et al., 2022). However, unlike constructed wetlands, which
require little to no maintenance once established, FANS treatment systems require constant
year-round management (periodic harvesting) in order to remain operational for nutrient
removal and biomass accrual.
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Figure 1.1: Schematic diagram of a Filamentous Algae Nutrient Scrubber System (after Hariz et al., 2023).
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Figure 1.2: (Original photo) Outdoor-scale Filamentous Algal Nutrient Scrubber (FANS).



1.4 Environmental Factors Affecting Productivity and Nutrient Removal
of FANS Treatment Systems

Algal growth and nutrient removal performance of FANS treatment systems, particularly
those in outdoor settings, are heavily influenced by uncontrollable prevailing environmental
factors such as ambient temperature, photoperiod, rainfall, and irradiance (Leong et al.,
2021). This presents a challenge for the operation of these treatment systems as such factors
are also dependant on local climate, season, and day/night cycles (Craggs, 2001). Enhancing
our understanding of how these uncontrollable factors can influence the capability of FANS
systems to remove nutrients and determine biomass growth is of paramount importance when
looking to operate these treatment systems on a long-term year round basis.

I. Light

Light plays a key role in determining the overall success of FANS systems, as it provides the
photon energy required to convert dissolved inorganic nutrients into algal biomass via
photosynthetic reactions and processes (Sutherland et al., 2015a). The amount of light that is
able to penetrate through to the algal cell and additionally, how well the algal cell can utilize
the light energy, is the key determinant of nutrient removal efficiency and biomass
productivity in FANS systems (Sutherland et al., 2020a). Enhancement in the amount of light
available for photosynthetic processes can be achieved by ensuring an optimal water depth
(design) in a FANS system. When light passes through the water column it is attenuated by
particles and other dissolved substrates present that will either absorb or scatter the light
(Kirk, 1994). A shallow water depth increases light availability and penetration within a
FANS system, as a result of the reduction in distance required for light to travel through the
water column and reach the algae on the bottom of the flow-way (Kim et al., 2018;
Sutherland et al., 2020a). Moreover, a shallow water depth enables rapid gas exchange, which
contributes to higher algal photosynthetic rates (Geider, 2013).

II. Temperature

Temperature is another key determinant of algal growth and nutrient removal in FANS
systems. When ambient temperatures exceed or fall below a species’ tolerance range, it
impairs and reduces electron transport activity of the photosynthetic enzyme Rubisco.
Temperatures outside of the adapted optimum reduces the ability of Rubisco to remain in an
active form to differentiate oxygen from carbon dioxide, thereby reducing photosynthetic
rates (Salvucci and Crafts-Brandner, 2004; Yamori et al., 2014). Operating an algal treatment
system in an outdoor setting presents a great challenge, as fluctuating temperatures are an
uncontrollable environmental factor that varies both daily and seasonally. Although this is an
aspect of FANS systems that cannot be directly controlled, optimization can still be achieved
through algal species selection. A recent study highlighted Oedogonium sp. as a potential
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candidate for year-round cultivation on FANS systems due to its wide range of temperature
tolerance (Hariz et al., 2023c¢).

III. Turbulence

Turbulence can play a vital role in determining algal growth, biomass accumulation,
sloughing frequency, and algal community composition in FANS systems (Blersch et al.,
2013). Heavy rainfall and high prevailing winds are influential environmental factors that can
cause turbulence in FANS systems. This leads to an increased sloughing of the accumulated
algal biomass which can temporarily disrupt nutrient removal capacity if excessive amounts
of biomass are washed from the system (Adey et al., 2011; Sutherland and Craggs, 2017). On
the other hand, constant low-level turbulence can promote algal growth, and can be
controlled to an extent through inflow rate. Increasing the inflow rate has been shown to
enhance biomass productivity under certain nutrient loads, which improves nutrient transport
and diffusion of light across the boundary layer to the algal cells (Blersch et al., 2013).

1.5 Operational Parameters Affecting Productivity and Nutrient Removal
of FANS Treatment Systems

Environmental conditions play a significant role in determining the overall performance of
FANS systems to treat polluted waters and produce biomass. Whilst these conditions are for
the most part uncontrollable, enhancement of biomass productivity and nutrient removal in
FANS systems is still attainable through the optimization of certain operational parameters,
such as standing crop, species selection and harvest frequency (Sutherland and Craggs, 2017;
Hairz et al., 2023a).

i.  Standing Crop

Standing crop is the term used to describe the amount of attached algal biomass that remains
on a flow-way after harvest events. This (standing crop) biomass is primarily the basis for
growth within a FANS system. A high amount of standing crop allows for the enhancement of
algal reproduction within a flow-way due to a higher rate of spore release (Sindelar et al.,
2015). However, a standing crop that is too thick may potentially cause “self-shading” issues,
where light is unable to penetrate through to the bottom layers of algal mat, thereby reducing
overall growth and nutrient assimilation (Sutherland et al., 2020). Ensuring an optimal
standing crop within a flow-way can contribute to optimizing the biomass production and
nutrient removal efficiency of FANS systems.

ii. Species Selection
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Algal species selection is perhaps one of the most important operational parameters of FANS
systems as it affects future use of the biomass (Liu et al., 2020). Choosing a suitable species
for wastewater treatment purposes can be based on four key criteria: high areal productivity,
adaptability to varying conditions, competitive dominance over undesired species, and
consistent biochemical composition (Lawton et al., 2013; Liu et al., 2020). Recent studies
have identified a number of filamentous algae from the genera Oedogonium, Rhizoclonium,
Spirogyra, Microspora, Klebsormidium, Cladophora, and Stigeoclonium as prime candidates
that meet the previously mentioned criteria for biomass production and treatment of
wastewaters (Lawton et al., 2013; Lawton et al., 2014; Liu et al., 2020). FANS systems are
generally seeded and operated with a mixed assemblage of filamentous algae (Sutherland et
al., 2020b; Park et al., 2022; Hariz et al., 2022). This is advantageous in terms of
establishment, particularly if the algae are sourced from a nearby waterway. However, this
may also present an issue if the collected biomass also contains a high amount of non-
targeted species such as cyanobacteria and diatoms that may grow to dominate the targeted
green filamentous algae, thereby reducing nutrient removal rates and producing low quality
biomass (Lawton et al., 2013; Hariz et al., 2023b). FANS systems that are seeded and
operated with a single species may offer a more consistent source of high-quality biomass
and experience a reduction in the amount of biomass wash-off (Hariz et al., 2023b). However,
maintaining a single species on an outdoor based FANS system may not be so easily
attainable due to high maintenance (re-seeding) requirements.

iili. Harvest Frequency and Regime

Harvest frequency is an important operational parameter that can significantly influence the
production and nutrient removal performance of any algal treatment system. An optimal
harvest frequency can help to ensure that the algal biomass is maintained in a constant phase
of exponential-growth by reducing self-shading and diffusion gradients (Craggs et al.,

1996a). Frequency of harvest is dependent on biomass accrual rate which is governed by
individual algal cell growth rate (Sutherland et al., 2020b). Therefore, harvest frequency
varies seasonally, for example, Craggs et al. (1996b) suggested a one-week harvest interval
during summer months and up to a month harvest interval during winter months. A number of
long-term (ATS) wastewater treatment systems using filamentous algae have implemented a
weekly harvest frequency (Ray et al., 2015; Kangas et al., 2017). Furthermore, harvest
regime in conjunction with harvest frequency may also affect the removal of nutrients and
biomass production in FANS systems. Total harvesting of flow-ways could potentially disrupt
nutrient removal within FANS systems, which has prompted researchers such as Craggs &
Sutherland (2017) to suggest that harvesting of flow-ways should occur in stages (strip
harvesting and sectional harvesting) to ensure a sufficient amount of biomass is left on the
flow-way for biomass growth and nutrient removal. To date, the effects of harvest frequency
and harvest regime in FANS systems have only been examined in a single study (Sutherland
et al., 2020b). This study found that increased harvest frequency improved both biomass yield
and nitrogen removal rates.
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1.6 Matauranga Maori — An Indigenous Perspective

Matauranga Maori is the modern term that is used to describe a wealth of knowledge that was
brought to and developed further in Aotearoa New Zealand by early Polynesian settlers
(Royal, 2009). Other recent definitions of matauranga Maori include ‘the pursuit and
application of knowledge and understanding of Te Taiao, following a systematic methodology
based on evidence, incorporating culture, values and world view’ (Hikuroa, 2017), ‘the
shared intellectual capital generated by whanau, hapii and iwi over multiple generations’
(Hudson et al., 2020), and ‘a system into which values are overtly interwoven’ (Mercier,
2018b). The wide application and various definitions of the term matauranga Maori is but an
indication of the depth of knowledge that exists within its use. Moreover, Ataria et al. (2018)
emphasised a past, a present and a future meaning to term matauranga Maori. A quote by
Professor Whatarangi Winiata further encapsulates this viewpoint in his statement that
“matauranga Maori has no beginning and is without end. It is constantly being enhanced and
refined. Each passing generation of Maori make their own contribution to matauranga Maori”
(Winiata, 2001, as cited in Mead, 2003, p. 459). In an environmental context, matauranga
Maori offers a unique and holistic perspective towards the management of environmental
resources which is underpinned by historical restorative practices and resource usage
(Mercier, 2018a).

1.6.1 A Whakapapa of Wai

Matauranga Maori values, ethics, and conceptions surrounding freshwater are heavily derived
from a complex network of genealogical relationships that originates from Maori creation
stories (Stewart-Harawira, 2020). Each iwi or tribe had slight variations of the creation story.
However, they generally began with the two primordial parents from whom all Maori are
descended: Ranginui (Sky Father) and Papatuanuku (Earth Mother). From the separation of
these two primordial parents, freshwater first appears in Te Ao Maori (the Maori World) in
the form of rain that fell from the sky as Ranginui’s tear drops. Meanwhile, the sighs of grief
from Papatuanuku appears in the form of mist. Through this creation story, Maori view
freshwater as an atmospheric consequence of the separating of Ranginui and Papatuanuku.
Furthermore, the personification of this relationship between land and sky helped Maori to
understand their relationship with nature and allowed them to consider the consequences of
their actions (Ngata et al., 2018). Other observations and understandings of freshwater by
Maori can be seen in the way they view certain aspects of water. For instance, a key
freshwater body was often associated with, or known to have, its own treasured species and
kaitiaki (guardian) that would protect the wellbeing of the awa (river). For Maori, the
wellbeing of a waterway is entwined to the physical and spiritual health of their community
(Stewart-Harawira, 2020).
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1.6.2 Matauranga Maori and Environmental Research

Matauranga Maori is becoming a constant presence on the environmental research stage in
Aotearoa New Zealand. For instance, matauranga concepts such as whakapapa, which is the
distinct Maori way of organising and understanding the world through genealogy (Forster,
2019), is becoming widely accepted to establish environmental order and recognize place-
specific relationships (Haami and Roberts, 2002). Whakapapa in a contemporary context has
been demonstrated in studies such as Kawharu (2000) and Roberts et al. (1995) to guide
natural resource use and management. Furthermore, a recent study by Collier-Robinson et al.
(2019) demonstrated the implementation of whakapapa principles in the genomic research of
two taonga species Koura (Freshwater crayfish, Paranephrops zealandicus) and Kowaro
(Canterbury mudfish, Neochanna burrowsius). The authors of this study co-developed a
responsive research programme with local hapt (a section or sub-tribe of a large tribe) Ngai
Taahuriri to combine matauranga with genomic technology in an effort build resilience of the
threatened taonga species. Another recent study by Michel et al. (2019) highlighted the use of
matauranga Maori and western science to inform the translocation of kakahi (Freshwater
mussels Echyridella menziesii and E. aucklandica) in Roto Mahanga (the upper lake within
Zealandia sanctuary), Wellington, New Zealand. This study provided both mana whenua
(people of the land) and scientists the opportunity to share knowledge and work
collaboratively to achieve positive ecological outcomes. There is great potential to use
matauranga Maori to enhance our understanding of (aquatic) ecosystem interactions and
ecological processes that could help to assist in future research and decision-making in
aquatic environments of Aotearoa New Zealand (Clapcott et al., 2018). The present study
seeks to understand matauranga Maori as it pertains to the lived experiences of whanau
(family) and local iwi (tribe) in regards to how they perceive freshwater and freshwater
filamentous algae. Most importantly, the implications of this study may help to facilitate an
acceptance of algal bioremediation technology by Maori.

1.7 Thesis Aims and Objectives

The overall aim of this study was to investigate the optimal harvest frequency and harvest
regime to maximise biomass production and nutrient removal in an outdoor FANS system.
Furthermore, this study aimed to investigate the potential of matauranga Maori principles and
concepts that may contribute to the enhancement of algal treatment systems. Finally, this
study aimed to provide a further stepping stone for the acknowledgement and incorporation
of matauranga Maori in future environmental studies within Aotearoa New Zealand.

Specific Objectives

1. To investigate whether shorter harvest intervals (3.5 days) and an alternate sectioned
harvest regime may increase overall FANS biomass productivity and nutrient removal
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due to thinner algal mats (reduced self-shading and increased nutrient distribution) in
comparison to a longer harvest interval (one week) and total harvest regime.

To investigate whether a sectioned harvest regime will maintain a higher relative
abundance of target seeded algal species over a longer period due to higher amount of
algae retained on the FANS system.

To investigate whether a sectioned harvest regime will maintain a more consistent
nutrient removal rate than a total harvest regime due to the higher amount of algae
retained on the FANS system.
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Chapter 2
Methods

2.1 Study Site

This study took place on a 94-hectare lowland dairy farm in the Waikato region near
Morrinsville, New Zealand (37°41°41.0"S, 175°34°19.2"E). The farm is owned by the Paeahu
Trust and is comprised of two dairy farming units; Farm No.1 is approximately 73 ha and
Farm No.2, where the experiment was based is approximately 21 ha. The farm is
predominantly in milk production from a herd of 420 (ryegrass) pasture fed cows. The
Toenepi stream runs through the farmland and receives both surface and subsurface run-off
waters from the adjacent paddocks through sub-surface drainage pipes. The Toenepi stream,
along with Piakonui and Piakoiti streams all link together to ultimately flow into the Piako
River, that drains into the Firth of Thames on the North Island of New Zealand. The water
supply (nutrient source) for the FANS system used in this study was pumped directly from
the Toenepi stream.

2.2 Filamentous Algae Nutrient Scrubber

The Filamentous Algae Nutrient Scrubber (FANS) system implemented in this study
consisted of six replicate aluminium I-beams floways (size: 6 m length x 0.12 m width x 0.05
m depth). These replicate I-beam flow-ways were installed on a square base of scaffolding
steel tubes above stream water level along an embankment of the Toenepi stream. Placement
of the flow-ways reflected the direction of the water flow in the nearby stream (with the
inflow upstream and the outflow downstream). A high-density polyethylene (HDPE) textured
liner (size: 6 m x 0.12 m or 0.72 m?) was installed along the base of each flow-way in order
promote successful algal attachment as observed in other FANS studies (e.g., Maggs and
Callow 2003; Blersch et al. 2017; Khoshkhoo et al. 2019).

At the head of these flow-ways, a trough (100 L x 25 cm width x 21 cm height, UV resistant
plastic) with six adjustable valves was used to hold and evenly distribute farm drainage water
pumped from the nearby stream. To provide sufficient flow throughout the day, farm
drainage water was pumped from the Toenepi stream into eight 1000 L black IBC header
tanks using a solar powered pump (200 W) with two 7 amp/hour 12 V rechargeable batteries.

The FANS system had two settings for flow (day and night) due to the abundance of power
available to the main pump system. During the day, the solar powered pump was able to draw
water directly from the stream and therefore the inflow distribution sump was set to pump 12
L mint of flow, with the valves of each flow-way set at 2 L min’t. However, at night the solar
powered pump would cease to draw water from the stream and instead the flow was sourced
from the water stored in the eight header tanks. The inflow rate setting would then reduce to a
50% flow rate of 6 L min™ so that the flow to each flow-way was 1 L mint. These flow rates
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were maintained throughout the entire experiment and checked twice a week upon
completion of harvest protocols. For maintenance, the inflow trough was drained of water
and cleaned after every harvest in order to reduce potential clogging of the flow-way valves.
Stainless steel sieves with a 0.5 mm mesh were attached to the ends of each flow-way to
catch any algal biomass that washed off. The outflow of water from each replicate flow-way
was returned to the nearby stream via a 3 m length of PVC spouting and pipeline.

Figure 2.1: (Left) Study site (Pachau Trust farm) and Toenepi Stream. (Right) The FANS system experiment
set-up along the stream bank. FULL harvest replicate flow-ways on the left-hand side and PARTIAL harvest
replicate flow-ways on the right-hand side, closest to the stream.
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2.3 Experiment Design

During this study two experiments were conducted over the spring-summer period (October
2022 — March 2023). The first experiment investigated two separate harvesting intervals. For
this experiment, the FANS system was split into two sets of three replicate flow-ways named
“FULL” and “PARTIAL”. Harvesting of the FULL flow-ways occurred once at the
beginning of the week, where all algal biomass accumulated along each flow-way was
collected (Fig. 2.2). Harvesting of the PARTIAL set of flow-ways occurred twice a week,
with biomass collected from alternate meters (a total of 3-metre harvest area every 3.5 days).
These harvesting protocols were maintained for ten weeks of monitoring until mid-January
2023 (Fig. 2.2).

FULL

Strip harvest area:
0.12m x 0.12m

F 3

1-meter PARTIAL

Strip harvest area:
0.12m x 0.12m

F 3

F 3
A J

Flow-way length = 6m

Figure 2.2: Schematic diagram of the harvested sections for the FULL and PARTIAL replicate flow-ways. Blue-
coloured areas were harvested every Monday, and green-coloured areas were harvested every Thursday. Yellow
coloured (biomass monitoring strip) sections were monitored once at the beginning of each monitoring week.

The second experiment was conducted between 16 January — 6 March 2023 with the harvest
protocol of the FULL set of flow-ways changed. Each FULL flow-way was divided into 1-
meter-long sections. Every week, within each 1-meter section all algal biomass was harvested
except for a 20 cm strip at the top of the meter section. This 20 cm unharvested strip was then
moved down the flow-way week by week until the 20 cm strip had reached the end of the
meter section and then this harvest protocol repeated (Fig. 2.3).
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1-meter Unharvested strip (20cm)

F 3
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Harvested

A\ J

F 3

Floway length = 6m

Figure 2.3: Schematic diagram of harvested and non-harvested sections along the FULL replicate
flow-ways during experiment two.

2.3.1 Biomass Productivity Analysis

After the initial seeding phase, weekly biomass monitoring and water sampling was
conducted from 25 October 2022. Harvest began with turning off the valves and allowing the
water to drain from the flow-ways. The algal biomass on each flow-way was harvested by
lightly running a plastic scraper along the length of the flow-way. The algal biomass was then
scooped into a 2L jug and blended using a stick mixer (Living & Co SR0O8310 600 W Stick
Stainless Steel Mixer) for approximately 30 seconds to ensure homogenisation of the
collected biomass. The total volume of the blended biomass was recorded for each flow-way
before a 100 mL subsample was taken for dry weight analysis. The blended subsamples were
dried overnight in an oven at 65 °C and weighed as total dried biomass (g DW). The harvest
method (handheld scraping) used in this experiment allowed for a uniform coverage of
biomass to be left on the liner as an initial standing crop for the following week. To quantify
the initial standing crop (post-harvest biomass) of each FANS system a biomass monitoring
strip method was used at the beginning of each week (growth cycle) throughout the duration
of the experiment. The biomass monitoring method was conducted by scraping all of the
attached algal biomass from a specified horizontal strip area at two sampling points on each
replicate floway. For the FULL set of replicate flow-ways, two biomass monitoring areas
(size: 0.12m x 0.12m) were selected at random from the top and bottom of each flow-way as
indicated by the yellow square area in (Fig.2.2). For the PARTIAL set of replicate flow-ways,
two biomass monitoring areas (size: 0.12m x 0.12m) were taken at random along the flow-
way. However, samples were taken from both harvested and non-harvested sections (Fig.
2.2). The initial standing crop was calculated for biomass productivity based on the following
formulas:

Entire FANS area: 0.12mx 6 m = 0.72 m?

Strip area: 0.12 m x 0.12 m = 0.01 m?
Area Ratio: 0.72 m?/0.01 m? = 72
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FULL Harvest FANS Initial Standing Crop (g DW)
= [(DW Top + DW Bottom)/2] X 72

PARTIAL Harvest FANS Initial Standing Crop (g DW)
= [(DW Blue Area + DW Green Area)/2] X 72

Biomass Productivity (DW g m? day?)

= [ (FANS DW Harvested Biomass on Day 7 — FANS DW Initial Standing Crop Day 0) / 0.72
m?] / 7 days

Algal biomass that washed from the flow-ways prior to monitoring days was collected from
the outflow metal sieves and dried in an oven overnight at 65 °C. The percentage of biomass
wash-off from each replicate flow-way was calculated based on total DW (g) of collected
biomass wash-off relative to total harvested biomass using the following equation:

Biomass wash-off (%) = Biomass washed off (g DW) / Total Biomass Harvest (g DW) X 100
%

The weight of these wash-off samples was then included in the final biomass productivity
calculations for each set of replicate FANS systems. Biomass productivity was calculated in g
of DW biomass per m? per day (DW g m.d) using the following equation:

Biomass Productivity (DW g m™.d)

= [ (FANS DW Standing Crop Day 7 — FANS DW Standing Crop Day 0) + Washed Off
Biomass (g DW) / 0.72 m?] / 7 days

2.3.2 Nutrient Removal Analysis

Each week, 100 mL water samples were collected from the inflow distribution sump and the
outflow of each replicate flow-way. The water samples were collected immediately before
any monitoring protocols began and also five minutes after flow was restored to the entire
FANS system post-harvest.

At the beginning of the week, a pre-harvest water quality sample was taken to represent the
nutrient removal of both the FULL and PARTIAL flow-ways after seven days of algal
biomass growth. Another pre-harvest water quality sample was then taken during the middle
of the week, which represented the nutrient removal of both replicate flow-way treatment
systems after three days of algal biomass growth. Likewise, a post-harvest water quality
sample was taken to assess the difference in nutrient removal of both treatment systems after
the harvest of all or partial sections of algal biomass. Collection of post-harvest water quality
samples differed slightly between the FULL and PARTIAL replicate flow-ways. As the

19



FULL set of replicate flow-ways were harvested once a week, a post-harvest sample was
required only on the first day of monitoring. Whereas the PARTIAL set of replicate flow-
ways were harvested twice a week and therefore post-harvest water quality samples were
collected on both monitoring days. Water quality analysis was undertaken at the National
Institute of Water and Atmospheric Research (NIWA) facility in Ruakura, Hamilton, New
Zealand. In preparation for water quality analysis, samples were filtered through Whatman
GF/F glass microfiber filter papers (pore size: 0.45 um, diameter: 47 mm). For nitrate
analysis, 250 pl of filtered sample was dispensed across three replicate wells in a UV
microplate and nitrate (N-NOsz) concentration was determined using a microplate reader via
the ultraviolet spectrophotometric method (Standard Method Nitrate 4500-NO3z — B).
Dissolved reactive phosphate (DRP) was also determined using the microplate reader via the
ascorbic acid method (Standard Method Phosphorus 4500-P). For DRP analysis, 200 pl of
filtered sample was dispensed into three replicate wells of a microplate along with 50 pl
standard reagent. The nutrient removal rate for each set of replicate flow-ways was calculated
using the following formulas:

Nutrient Removal Rate (g m™. d) = (FANS Inflow Nutrient Concentration (g m) — FANS
Outflow Nutrient Concentration (g m)) x FANS Working Volume (md) / 0.72 m?

A TPS WP-91 Dissolved Oxygen-pH logger (Model: WP91Z Rev 2.1) was used to record the
temperature and pH of each replicate flow-way prior to the collection of water quality
samples. The probes were placed into both the inflow trough and outflow of each flow-way
until readings had stabilized, and the values recorded.

2.3.3 Relative Species Abundance

Every fortnight, pre-harvest subsamples of attached algal biomass were taken from a strip
harvest area (0.12 m x 0.025 m, or 0.003 m?) from each replicate flow-way for microscopic
analysis, to assess the relative abundance of algal species present.

Live subsamples were prepared for microscopic analysis by adding 10 mL of filtered water to
the sample containers, which were then shaken vigorously for 10-15 seconds and passed
through a 200 um sieve. This allowed for the separation of any epiphytic diatoms, midges,
other visible organisms, and substrate attached to the collected algal filaments for ease of
identification under the microscope. The remaining contents of the algal biomass and 10 mL
of filtrate were analysed using an inverted microscope (Leica DMil) under 100x
magnification. Before examination, the biomass and filtrate were divided evenly onto five
microscopic slides for each replicate flow-way subsample. A total of five representative
photographs were captured (one per microscopic slide) and used for species identification.

For each photograph, an estimate of the percentage of filamentous algae as well as
contaminants (diatoms and cyanobacteria) composition was given based on the surface area
covered in the captured photograph. The estimated percentage compositions were then
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200 pm

Figure 2.4: Images of common green filamentous algal species observed in this study. a.
Oedogonium sp., b. Cladophora sp., c. Rhizoclonium sp., and d. Spirogyra sp. Scale bar is
applicable to all images.




2.3.4 Outdoor Ambient Growth Conditions

Three weather event loggers were installed directly behind the inflow distribution sump, to
record environmental variables such as light intensity (LI-COR LI-1500 light sensor data
logger), ambient temperature (HOBO Pendant ® temperature data logger), and rainfall events
(HOBO Pendant® event data logger) throughout the entire experiment. Frequency of
recordings for light intensity and temperature occurred every 15 minutes, and rainfall events
were recorded on a daily basis.

2.3.5 Statistical Analysis

Differences in biomass productivity, initial standing crop, nitrate removal rate, phosphate
removal rate and biomass wash-off between treatments and experiments were tested using
two-way analyses of variance (ANOVA). Data for each experiment was analysed separately
using SigmaPlot software (Systat Software Inc., Point Richmond, CA, USA) with all data
reported as means £ S.D.

2.4 Matauranga Maori and Freshwater Algae: Research Objectives and
Questions

As a part of this study interviews were conducted with both whanau (family) and members of
Ngati Haua to gauge their understanding and knowledge of freshwater algae. The interviews
were conducted in person and voice recorded; additionally written responses were provided
by the participants; each interview took approximately one hour to complete. The objective of
these interviews were as follows:

1.) To establish whakawhanaungatanga (a connection or relationship) with participants to
allow for an ease of information sharing throughout the interview process.

2.) To establish trust between myself and the participants that any stories or knowledge
shared would not be claimed by myself or anyone involved in this study and would belong
solely to the holder of that knowledge.

3.) To create a wananga environment that would encourage a reciprocal sharing of knowledge
that would benefit both myself and the participants.

Six open-ended questions focusing on freshwater as a resource and a place of significance
were asked of the participants in order to gain an understanding of what knowledge whanau
and local iwi members held in relation to freshwater algae. The seven open-ended questions
were as follows:

1. No hea koe? (Where are you from?)
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hw

Did you or your whanau have any relationship to freshwater sources such as streams,
rivers, ponds and or lakes within your rohe?

Did you and your whanau interact with these water sources? If so, in what ways?
What korero if any, have you heard in relation to aquatic plants?

Are you aware of any traditional practices (i.e. — Rongoa or Mahinga kai) that may
have incorporated the use of aquatic plants?

Would you or your whanau know of any Maori name that was given for algae?
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Chapter 3

Results

3.1 ENVIRONMENTAL VARIABLES

3.1.1 Cumulative Rainfall

The frequency and cumulative sum of rainfall events recorded throughout the duration of this
study varied greatly due to changes in seasonal weather conditions. The highest amount of
cumulative rainfall (82 mm) observed throughout this study was recorded during the week of
26 October 2022 to 02 November 2022 (Fig 3.1). From mid-November to mid-December
rainfall events remained relatively moderate and consistent with seasonal conditions.
Conversely, an unusual amount of heavy rainfall was observed within the last three months of
this study (January — March 2023), particularly during the week of 25 January and 15
February 2023, which recorded approximate sums of 75- and 78-mm of rainfall, respectively.
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Figure 3.1: Summary of cumulative rainfall events recorded throughout the duration of this study (from 28
September 2022 — 6 March 2023).
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Figure 3.2: Summary of ambient temperature recorded throughout the duration of this study (from 16
October 2022 — 15 March 2023).

3.1.2 Ambient Temperature

Outdoor ambient temperatures recorded during the first two months of this study appeared to
follow a typical trend in accordance with late spring and early summer seasonal conditions
(Fig 3.2). From the 31 October 2022 to 30 December 2022 the ambient temperatures
remained within a range of approximately 7 to 30°C. However, outdoor ambient temperatures
observed throughout mid-January to late-February appeared to be cooler for the peak of the
summer season. A notable drop in temperature was recorded during the week of 13 February
2023 consistent with the high cumulative sum of rainfall observed (Fig 3.1). The range of
ambient temperature recorded from January to March fluctuated within a range of
approximately 15 to 33°C.

3.1.3 Light Intensity

Trends in light intensity observed during the first two months of this study appeared to be
typical for late spring to early summer seasonal conditions. However, once the experimental
period reached mid-December (17 December 2022) there was a notable drop in light intensity
recordings to approximately 600 pmol m™. s (Fig 3.3). Other drops in light intensity persisted
into mid-January and early-February. The low light intensity values recorded during this time
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Light intensity (umol m-2 .s)

was consistent with heavy rainfall and low ambient temperature observed in (Fig 3.1 and Fig
3.2).
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Figure 3.3: Summary of light intensity recorded throughout the duration of this study (from 22
October 2022 — 6 March 2023).

3.2 PARAMETERS OF ALGAL PRODUCTIVITY & GROWTH
3.2.1 Biomass Productivity

On average, biomass productivity was consistently higher in the PARTIAL replicate flow-
ways (3.2 + 1.4 g DW m™. d) than in the FULL replicate flow-ways (0.9 = 0.7 g DW m™. d)
for the duration of this study (Fig 3.4). The only exception was during the week of 15
February 2023; monitoring occurred only once during this period due to extreme weather
conditions which prevented a mid-week harvest.

Biomass productivity ranged from 0.3 to 2.3 g DW m™. d for the FULL replicate flow-ways
and 1.1 to 5.9 g DW m™. D for the PARTIAL replicate flow-ways. Biomass productivity
varied significantly between each week of monitoring (ANOVA, Fi2362; P =<0.001).
Moreover, there was a significant difference observed between treatments (ANOVA, F377.929;
P=<0.001).

In January 2023, algal growth conditions may have improved sufficiently to gradually
increase biomass productivity for the PARTIAL replicate flow-ways from week to week. A
low amount of cumulative rainfall was observed from 11 January 2023 to 25 January 2023
(Fig 3.1), while ambient temperatures remained within a 25°C to 30°C range (Fig 3.2).
Additionally, the FULL replicate flow-ways had a substantial increase in average biomass
productivity during this time that was not observed in previous monitoring weeks.
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The experiment one (25 October 2022 — 09 January 2023) FULL harvest protocol produced
more consistent results for biomass productivity that the experiment two FULL harvest
protocol. A decrease in the biomass harvested from the FULL replicate flow-ways was the
only adjustment made between experiment one and two, all other harvest protocols remained
the same.

After changes were made to the harvest protocols for the FULL replicate flow-ways in
experiment two, biomass productivity became more variable. However, this result may have
been related to the increase in rainfall and other extreme weather events that occurred during
late January to mid-February.
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Figure 3.4: Average (+ S.D.) biomass productivity (g DW m™. d) for the FULL and PARTIAL replicate
flow-ways across 18 weeks of monitoring. Dashed line represents the end of experiment one.

3.2.2 Initial Standing Crop

Overall, the average initial standing crop was higher in the PARTIAL replicate flow-ways
(43.3 £ 18.0 g DW m™) than in the FULL replicate flow-ways (25.0 = 10.5 g DW m) and
remained so throughout most of the study (Fig 3.5). The exceptions were the two monitoring
weeks (09/01/2023 and 15/02/2023) where extreme weather events prevented a second mid-
week harvest. Initial standing crop varied significantly among treatments (ANOVA, F'i65.706; P
=<0.001) and monitoring weeks (ANOVA, Fi4.839; P=<0.001).

Initial standing crop for the FULL replicate flow-ways was lowest during the week of 31
January 2023 (10.1 + 1.47 g DW m?) whereas the PARTIAL replicate flow-ways lowest
initial standing crop was observed during the week of 15 January 2023 (13.2+2.16 gDWm"
2). Although each treatment system recorded their lowest initial standing crop values during
separate weeks, these observations could be related to the heavy rainfall that occurred during
each of these monitoring weeks (Fig 3.1).

27



The first nine weeks of this study (25/10/2022 - 19/12/2022) appeared to have resulted in a
more consistent average of initial standing crop for both the FULL and PARTIAL treatments,
ranging from 17.3 to 72.4 (g DW m™. d). The remaining nine weeks of monitoring (9 January
2023 — 06 March 2023) observed a highly variable average of initial standing crop for both
the FULL and PARTIAL treatments, ranging from 10.1 to 66.1 (g DW m™. d). This result
may be in relation to the more settled weather conditions observed during late spring and
early summer during experiment 1 (Fig 3.1 —3.3).

120

N FULL EPART

<)) [
o o

Initial Standing Crop (g DW m)
w
o

0
": ") °J ") ") ")
\ \ \"’ \" \"
& \° c,\ \°” RN

Figure 3.5: Average (+ S.D.) initial standing crop (g DW m. d) for the FULL and PARTIAL
replicate flow-ways across 18 weeks of monitoring. Dashed line represents the end of experiment
one.

3.2.3 Biomass Wash-Off

The average biomass wash-off recorded during this study ranged from 0 to 1.8 g DW m™2. d
for the FULL replicate flow-ways and 0 to 1.5 g DW m™. d for the PARTIAL replicate flow-
ways (Fig 3.6).

Overall, the average amount of biomass wash-off was slightly higher in the PARTIAL
replicate flow-ways (0.38 £ 0.52 g DW m™) than the FULL replicate flow-ways (0.32 = 0.60
g DW m™) across the duration of this study.

Biomass wash-off for the entire FANS system remained low during the first nine weeks of
this study, ranging from 0.03 to 0.11 (g DW m™. d). In the remaining nine weeks (09 January
2023 to 06 March 2023), biomass wash-off increased significantly and ranged from 0.03 to
1.15 ¢ DW m™. d. This result may have been related to the weather conditions observed
during this time, where cumulative rainfall increased significantly from 25 January 2023 to
15 February 2023 (Fig 3.1).
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Figure 3.6: Average (+ S.D.) biomass wash-off (g DW m™. d) for the FULL and PARTIAL
replicate flow-ways over 18 weeks of monitoring. Dashed line represents the end of

3.2.4 Nitrate Removal

Overall, the PARTIAL replicate flow-ways had a slightly higher nitrate removal rate on
average (0.27 £ 0.18 g N m™. d) than the FULL replicate flow-ways (0.26 + 0.18 g N m™. d)
over the duration of this study (Fig 3.7). Nitrate removal varied significantly among
monitoring weeks (ANOVA, Fo.i160; P =<0.001). However, nitrate removal rates between
treatments yielded no significant difference (ANOVA, Fo.00322; P = 0.582).

The lowest nitrate removal rates for both treatments were observed during the week of 21
November 2022 (0.09 + 0.05 g N m™. d) for the FULL replicate flow-ways and (0.10 + 0.06 g
N m2. d) for the PATIAL replicate flow-ways.

Notably, the highest removal rates for both treatment systems were recorded during the week
of 25 October 2022 (0.62 + 0.02 g N m™. d) for the FULL replicate flow-ways and (0.64 +
0.14 g N m™. d) for the PARTIAL replicate flow-ways.
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This result may have been related to the initial seeding of the flow-ways that occurred one
week before the first harvest of this study. Freshly seeded algae, combined with ideal algal
growth conditions such as ambient temperature (Fig 3.2) and sufficient light intensity (Fig
3.3) observed during the week of 25 October 2022 may have contributed to this substantial
reduction in nitrate as well as algal productivity that was not observed during other
monitoring weeks.
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Figure 3.7: Average (+ S.D.) NO3-N removal rate (g N m™. d) for the FULL and PARTIAL
replicate flow-ways over 18 weeks of monitoring. Dashed line represents the end of
experiment one.

3.2.5 Phosphate Removal

The PARTIAL replicate flow-ways had a similar average phosphate removal rate (0.057 +
0.041 g P m™. d) to the FULL replicate flow-ways (0.050 = 0.037 g P m™. d) (Fig 3.8). When
comparing the performance of both treatment systems between monitoring weeks there was a
significant difference (ANOVA, F11.800; P =<0.001). However, the comparison of phosphate
removal rate between treatments alone yielded no significant difference (ANOVA, F1.990; P =
0.163).

Phosphate removal varied greatly over the duration of this study, as there was no singular
week of monitoring which collectively recorded either the highest or lowest PO4removal rate
for both treatment systems.

The highest phosphate removal rate for the FULL replicate flow-ways occurred during the
week of 16 January 2023 (0.12 £ 0.01 g P m™. d). This may have been as a result of the
changes made to the harvesting protocols for the FULL flow-ways. The highest phosphate
removal rate for the PARTIAL replicate flow-ways was recorded during the week of 06
January 2023 (0.13 + 0.03 g P m™. d) which may have been as a result of an improvement in
environmental conditions (low cumulative rainfall, increased light intensity, and moderate
ambient temperatures) during this period of time (Fig. 3.1 — 3.3).
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Nitrate Concentration (g N/m3)

The lowest phosphate removal rate for the FULL replicate flow-ways was recorded during
the week of 21 November 2022 (0.014 £ 0.012 g P m™. d). The lowest phosphate removal
rate for the PARTIAL replicate flow-ways was recorded during the week of 09 November
2023 (0.007 £ 0.002 g P m™. d).
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Figure 3.8: Average (+ S.D.) PO4 removal rate (g P m™. d) for the FULL and PARTIAL replicate flow-
ways over 18 weeks of monitoring. Dashed line represents the end of experiment one.
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Figure 3.9: Concentration of phosphate (g P m™) over time for the inflow distribution sump, FULL and PARTIAL
replicate flow-ways over 18 weeks of monitoring.
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Figure 3.10: Concentration of phosphate (g P m™) over time for the inflow distribution sump, FULL and

PARTIAL replicate flow-ways over 18 weeks of monitoring.
3.2.6 Relative Species Abundance

The average relative abundance of green filamentous algal species (Oedogonium sp.,
Rhizoclonium sp., Cladophora sp. and Spirogyra sp.) varied significantly among the FULL
and PARTIAL replicate flow-ways throughout the duration of this study (Fig 3.11 — 3.12).

Overall, the FULL replicate flow-ways observed a highly variable abundance of diatoms,
cyanobacteria, and green filamentous algal species throughout the duration of this study.
Oedogonium sp. was the dominant algal species observed on the FULL replicate flow-ways
from day 0 to 69. From day 69 to 127, Spirogyra sp. took over as the dominant algal species
observed on the FULL replicate flow-ways. Relative species abundance from day 127
onwards appeared to be mixed between Cladophora sp, Oedogonium sp. and Rhizoclonium

sp.
In contrast, the PARTIAL replicate flow-ways observed a relatively stable abundance of
diatoms, cyanobacteria, and green filamentous algal species throughout the duration of this
study. Within first 28 days of this study, relative abundances were split relatively evenly
among the three predominant algal species (Oedogonium sp, Rhizoclonium sp, Cladophora
sp.). From day 28, onwards Spirogyra sp established on the PARTIAL replicate flow-ways
and became one of the most dominant algae observed, alongside Oedogonium sp. and

Cladophora sp.

Notably, other filamentous algal species (Ulothrix sp. and Klebsormidium sp.) were observed
in greater relative abundance from day 28 to 69 on the PARTIAL replicate flow-ways. On the
FULL replicate flow-ways, these taxa were observed in lower abundance relative to other

filamentous algal species.
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Figure 3.11: Average relative abundance (%) of the representative classes of algae observed on the
FULL replicate flow-ways over the duration of this study.
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Figure 3.12: Average relative abundance (%) of the representative classes of algae observed on the
PARTIAL replicate flow-ways over the duration of this study.
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Table 1. Results of statistical analysis (ANOVA) test on the effects of FANS treatment and cycle on initial
standing crop, biomass productivity, and nutrient removal.

Variable Effect df F P

DW Initial standing crop (g/m2) FANS Treatment 1 165.706 <0.001
Cycle 17 14.839 <0.001
Treatment x Cycle 17 6.504 <0.001
Residual 72

Biomass Productivity (g DW biomass m 2 day ) FANS Treatment 1 377.929 <0.001
Cycle 17 12.362 <0.001
Treatment x Cycle 17 6.151 <0.001
Residual 72

Nitrate removal rate (g N g'' DW biomass day ') FANS Treatment 1 0.00322 0.582
Cycle 17 0.160 <0.001
Treatment x Cycle 17 0.0113 0.399
Residual 72

Phosphate removal rate (g P g DW biomass day ') FANS Treatment 1 1.990 0.163
Cycle 17 11.890 <0.001
Treatment x Cycle 17 5576 <0.001
Residual 72
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3.3 Matauranga Maori and Freshwater Algae: Interview Key Findings

3.3.1 Interview One: Adam Whauwhau (Ngati Haua)

Adam grew up in the small rural town of Tauwhare which is located in the Waikato District
on the outskirts of Hamilton, New Zealand. As a young boy he recalled spending a significant
amount of time in the awa (Mangaonua Stream) near his marae Te Iti o Hauaa. Adam recalls
the freshwater bodies near his marae as a place for recreational activities (swimming and
sport) as well as a source for gathering mahinga kai (Tuna, kokopu, and watercress). In terms
of traditional knowledge around the significance of aquatic plants, Adam shared a korero
around his whanau’s practice of harvesting watercress for medicinal purposes and briefly
discussed the health and healing properties of watercress. Adam was unaware of any specific
korero within his iwi pertaining to the significance of freshwater algae.

3.3.2 Interview Two: Marie Whareaitu (Ngati Mahanga)

As a child Marie grew up in the small rural town of Waitetuna located in the Waikato District,
New Zealand. Marie and her whanau spent a lot of time in and around freshwater sources
(Waikato River, Waitetuna River, and Waipa River) within the Waikato region. The korero
that Marie shared with me in regards to freshwater algae was based around its traditional use.
According to Marie, freshwater algae was known to her and her whanau as Puukohu wai. She
said the name itself holds much whakapapa (genealogy), in translation Puu is base, kohu is
cloudy and wai is water. Marie went on to explain that by naming this aquatic plant based on
its appearance and where it can be found, this knowledge allowed her ancestors to determine
how to best utilize the algae for medicinal or kai (food) purposes. Furthermore, Marie
described a traditional tribal practice of harvesting algae from puna (spring of water) to feed
the soil in her vegetable gardens as a fertilizer, similar to the use of fish bones.

3.3.3 Interview Three: Claudine Waitere (Ngati Mahanga/Ngati Te Wehi)

Claudine was born and raised in Kirikirroa (Hamilton), New Zealand. In her youth Claudine
recalls spending an enormity of her time in and around the West Coast shores of Raglan
Harbour, Aotea Harbour and Kawhia Harbour. Whakapapa (genealogy) was the main point of
discussion that Claudine shared with me in relation to her traditional knowledge of freshwater
algae. To her knowledge Puukohu wai is the generic term used by many tribes to describe
marine and freshwater algae. In Claudine’s tribal dialect (Tainui) freshwater algae is also
known as Punakohu wai. Puna translated is source and Punakohu wai refers to all types of
plant life that grow in or around freshwater springs. According to Claudine, algae was
primarily used by her whanau to bait eel traps in the awa near her marae (Te Papatapu).
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Chapter 4

Discussion

The overall objective of this study was to investigate the most optimal harvest frequency and
harvest regime of a Filamentous Algae Nutrient Scrubber (FANS) system, in order to
maximize algal biomass productivity and nutrient removal. This was achieved by comparing
full and partial harvest of a triplicate pilot-scale outdoor FANS system.

4.1 Biomass Productivity

Harvest frequency had a significant impact on algal biomass productivity. During both
experiments, biomass production was over three times higher in the PARTIAL replicate flow-
ways (3.2 g DW m?. d) than in the FULL replicate flow-ways (0.9 g DW m™. d). More
frequent harvest of the PARTIAL replicate flow-ways (every 3 — 3.5 days) appears to have
stimulated higher algal growth than on the FULL replicate flow-ways, which were harvested
every 7 — 7.5 days. The biomass productivity results of the present study compare favourably
with those reported recently by Sutherland et al. (2020b), who examined the optimization of
operational parameters (harvest frequency and harvest regime) in order to maximize the
nutrient removal performance of FANS systems in Sydney, Australia. In their study, three
small-scale outdoor FANS systems were set-up during the austral summer. Each FANS
system had a different harvest regime; 1) Weekly, where all biomass was removed from the
flow-ways every 7 days; 2) Fortnightly, where all biomass was removed from the flow-ways
every 14 days, and 3) Strip, where only half of the biomass was removed in a strip down the
length of the flow-ways every 7 days, allowing for biomass accrual to take place every 14
days on either side of the flow-way. Overall, the results of their study demonstrated a
significant increase of biomass production in the weekly harvested FANS system (30.4 g DW
m™. d) in comparison to the fortnightly (19.0 g DW m™. d) and strip (16.2 g DW m™. d)
harvested FANS systems. Although the harvest frequency implemented in the present study
(3 — 3.5 days) was more frequent than that of Sutherland et al. (2020b), a similar trend in
biomass productivity was observed. In combination, these findings suggest that employing
shorter harvest intervals can help to maximise biomass productivity in FANS systems.

The premise of implementing longer intervals between harvest events may be applicable
when seasonal conditions are also considered. For instance, Craggs et al. (1996a) suggested
weekly harvest intervals during times of peak solar irradiance and biomass production
(summer months), while harvest intervals of up to a month could be maintained when solar
irradiance and biomass production is at its lowest (winter months). Longer intervals between
harvest events in FANS systems promote the development of thicker algal mats. In the
present study, thicker algal mats were observed in the PARTIAL replicate flow-ways.
Leaving unharvested sections of accrued biomass on the PARTIAL replicate flow-ways may
have facilitated faster algal regrowth on the harvested sections and contributed to the higher
productivity than the FULL replicate flow-ways. Furthermore, the total removal of biomass
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in FULL replicate flow-ways may have prevented the development of algal mats to the same
degree of thickness and prominence than was observed in the PARTIAL replicate flow-ways.
This observation aligns well with that of Sutherland et al. (2020b), who showed that frequent
total harvesting of their flow-ways reduced the thickness of algal mats within their FANS
system. Research by Craggs et al. (1996a) and Adey et al. (2011) emphasized the importance
of harvest frequency to promote algal growth and maximise biomass production and nutrient
removal.

Harvest regime is another key parameter that had a significant impact on algal biomass
productivity. The PARTIAL replicate flow-ways were harvested in alternate meter sections,
which allowed for a constant coverage of 50% biomass within this particular set of flow-ways
at all times. During experiment one, the unharvested sections along the PARTIAL replicate
flow-ways may have facilitated faster regrowth of algal biomass within the harvested sections
compared with the fully harvested FULL replicate flow-ways. This observation is supported
by a previous study by Sindelar et al. (2015), who noted the importance of maintaining algal
seed. The authors of that study found that the algal biomass left on the flow-ways of their
ATS system provided a constant source of algal recruitment, which led to faster rates of algal
growth and ultimately higher rates of algal production. In an effort to explore this observation
further, changes were made to the amount of algae harvested from the FULL replicate flow-
ways in the present study, which initiated the commencement of experiment two. Rather than
harvesting all algal biomass from the FULL replicate flow-ways, small 20 cm strips of
biomass were left unharvested every meter, with the aim of enhancing algal growth.
Following this change, biomass accrual improved slightly in the FULL replicate flow-ways.
However, heavy rainfall and other extreme weather conditions during the final three months
of this study likely hindered the effects of such changes to be fully realised. Further studies
investigating the re-establishment of algal biomass along horizontal sectioned, or strip
harvested flow-ways, would be beneficial for optimizing biomass productivity of FANS
systems.

Initial standing crop may also have impacted algal biomass productivity. Overall, the
PARTIAL replicate flow-ways had a higher initial standing crop (43 g DW m) than the
FULL replicate flow-ways (25 g DW m2) which could have contributed to the higher rates of
algal biomass production. Contrary to this result, a recent study by Hariz et al. (2023a)
examined the effects of operational parameters (inflow rate, initial standing crop, and harvest
frequency) on the biomass productivity and nutrient removal performance of Oedogonium sp.
on a laboratory-based FANS system at Ruakura, Hamilton, New Zealand. The authors of this
study reported a greater increase in biomass production in a FANS system with a lower initial
standing crop (60-70 g DW m%; 8.6 g DW m~2 day ) relative to the FANS system with a
higher initial standing crop (100-110 g DW m; 5.9 g DW m~2 day '). The authors of this
study attributed the decrease in biomass productivity in the FANS system with a higher initial
standing crop to a reduction in the rate of photosynthesis due to a thicker algal mat. This
leads to increased self-shading, lower nutrient mass transfer rates and lower photosynthetic
gas exchange. The contrast in results between the present study and that of Hariz et al.
(2023a) could be attributed to the difference in experimental conditions, as data from the
present study reflected an outdoor operated FANS system, whereas the FANS system in
Hariz et al. (2023a) was operated under controlled laboratory conditions (light intensity of
600-650 umol m2s 1, 14:10 light and dark cycle, room temperature set at 22°C). Algal
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growth in an outdoor-based FANS system is challenged by prevailing environmental
conditions, and therefore may require a higher standing crop than a laboratory-based FANS
system in order to help stimulate algal growth and production.

Maintaining an optimal standing crop may also depend on season. Hariz et al. (2023Db),
suggested that during the summer higher solar irradiance may support a higher initial
standing crop, as light can easily penetrate through to the bottom layers of an algal mat.
Whereas a lower standing crop may be more suitable during winter months, when solar
irradiance is lower.

4.2 Environmental Variables

The biomass productivity range for the PARTIAL replicate flow-ways (1.1 to 5.9 g DW m™.
d) aligns closely with the productivity ranges reported recently by Hariz et al. (2023b) (1.2 to
4.5 ¢ DW m?. d). The authors of that study examined the growth rates and nutrient uptake
rates of four locally isolated filamentous algae species (Cladophora sp., Oedogonium sp.,
Rhizoclonium sp. and Spirogyra sp.) on an outdoor mesocosm-scale FANS system operated
under ambient summer and winter conditions in Ruakura, Hamilton, New Zealand. Although
the present study included data from spring to summer months and Hariz et al. (2023b)
encompassed data from summer and winter conditions the similarity in biomass productivity
range between the present study and Hariz et al. (2023b) demonstrates the influence of
ambient environmental conditions on biomass productivity in FANS systems.

The present study was conducted across the spring to summer period of 2022-2023, during a
time when ambient conditions fluctuated widely. Notably, biomass productivity improved
significantly for the PARTIAL replicate flow-ways during January. This result was likely a
reflection of the ideal ambient environmental conditions (low cumulative rainfall, moderate
temperature, and high light intensity) for algal growth, observed during mid to late January
(Fig 3.1 — 3.3). Conversely, a decline in biomass productivity was observed in both treatment
flow-ways during the 15th week of monitoring, from 12 to 16 February 2023. This decline in
biomass productivity coincided with a significant period of high rainfall (cumulative sum of
rainfall for this period: 135 mm, Fig 3.1). Moreover, the high rainfall observed during this
time prevented a second harvest, which could plausibly explain the significant drop in
biomass productivity in the PARTIAL replicate flow-ways from the previous week of
monitoring (7 February, 3.7 g DW m™. d) to the following week (15 February 2023, 1.1 g
DW m2. d). Prolonged periods of high rainfall can cause excessive amounts of biomass to
wash-off from the FANS system as a consequence of higher flow disturbance (Hariz et al.,
2023c). Furthermore, increased catchment erosion can negatively impact the photosynthetic
ability of FANS algae during excessive rainfall events due to smothering by the higher
sediment load in the inflow water (Chen et al., 2015).
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4.3 Nutrient Removal

There was no significant difference in nitrate or phosphate removal between the two harvest
treatments in the present study, indicating that regardless of flow-way harvest frequency,
regime or biomass retention, nutrient removal remains the same. This finding is consistent
with that of Sutherland et al. (2020b), who observed no additional benefits in terms of
nutrient removal with flow-ways that were harvested weekly (0.3 gNm2d ™!, 0.08 gPm™
d™"), fortnightly (0.3 gNm2d", 006 gPgm2d!)andstrip (0.3 gNm2d"',0.05gPm>
d™!). The lack of change in nutrient removal within the Sutherland et al. (2020b) study and in
the present study suggests that nutrient removal is not always directly associated with
biomass production (Siville and Boeing, 2020). This could be a consequence of the tendency

of algae to assimilate an excess of nutrients required for growth (luxury nutrient uptake)
(Powell et al., 2009)

Furthermore, the data from the present study has shown a similar trend in nutrient removal to
that of Sutherland et al. (2020b), with the highest removal generally occurring post-harvest
within both harvest treatment flow-ways. This result could be attributed to the cleaning and
maintenance protocols that were carried out upon completion of harvest events. Sediment
build-up within the inflow distribution sump was a common occurrence throughout the
duration of this study, which subsequently led to clogging of the flow-way valves. As such,
pre-harvest water quality samples were most likely a reflection of the low flow rate (due to
clogged flow-way valves) and conversely, the post-harvest water quality samples reflected
the more ideal flow rate conditions, which may have allowed for a more effective removal of
nutrients post-harvest.

4.4 Relative Species Abundance

Overall, there was a significant difference in relative species abundances observed between
the two-harvest treatment flow-ways in this study. The PARTIAL replicate flow-ways had a
relatively stable abundance of four dominant algal species (Oedogonium sp., Spirogyra sp.,
Rhizoclonium sp., and Cladophora sp.), whereas the FULL replicate flow-ways had a highly
variable abundance of the previously mentioned algal species, along with a greater presence
of non-target algal species (diatoms and cyanobacteria) throughout the duration of this study.
To date, no study has directly compared the effects of harvest frequency and harvest regimes
on the relative abundance of algal species in FANS systems. However, algal community
composition was discussed in a recent study by Siville and Boeing (2020), who investigated
the optimal harvest rate of a laboratory-scale Algal Turf Scrubber (ATS) system to maximize
algal biomass production. The authors of that study noted that inevitable changes in
community composition within an algal treatment system over time include the establishment
of less desirable filamentous diatoms (e.g., Melosira sp.), bacteria, and grazers (e.g., rotifers,
ciliates). They stated that variations in community composition could negatively impact the
relationship between algal growth, biomass production, and nutrient uptake. Moreover, a
study by Sandefur et al. (2014) examined the productivity and nutrient removal rates of a
pilot-scale attached growth system. These authors suggested that an undesirable species
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composition may have contributed to the underperformance (biomass productivity and TP
removal) of one of their algal growth systems. Given the high relative abundance of diatoms
and cyanobacteria observed in the FULL replicate flow-ways of the present study, it is
plausible to suggest that a similar outcome to that of Sandefur et al. (2014) may have also
occurred here.

4.5 Matauranga Maori and Freshwater Algae: Perspectives, Insights, and
Future Aspirations

Globally, there has been a shift in recognition of the many benefits that indigenous
knowledge systems have to offer ecological research (Lyver et al., 2017). The
intergenerational transmission of knowledge that exists within indigenous knowledge systems
offers a deep temporal and spatial understanding of ecosystems that could help to generate
more holistic environmental management practices.

In Aotearoa New Zealand, matauranga Maori is the form of indigenous knowledge that
encapsulates the interdependent relationship between people and nature. According to
Harmsworth and Awatere (2013), this body of knowledge links indigenous Maori to
ecosystems and governs how they see and understand ecosystems and ecosystem services.
Maori values such as tikanga (customs and practices), mauri (life force), rahui (prohibition),
whakapapa (genealogy), kaitiakitanga (guardianship), wahi tapu (sacred place) and
manaakitanga (generosity) are viewed as tools through which Maori make sense of,
experience, interact and interpret the natural environment (Marsden, 1989; Harmsworth and
Awatere, 2013). Incorporating matauranga Maori into environmental research offers a unique
opportunity to examine the health of ecosystems from a local perspective that is heavily
derived from these Maori values. This allows decision making to be centred around what is
beneficial for the long-term sustainable use of a resource.

A recent report by Harmsworth (2021) highlighted the documentation and use of nga kupu/te
reo Maori (words and terms) as a potential starting point for the incorporation of matauranga
Maori in environmental research. This report gave examples of Maori terms used to describe
water, wetlands, and soils in order to illustrate the relevance and depth of matauranga Maori.
In the present study, matauranga was incorporated in a similar manner. Face-to-face
interviews with whanau and members of local iwi (Ngati Mahanga and Ngati Haua) were
undertaken in order to gauge their understanding and awareness of freshwater algae. Nga
kupu/te reo Maori given for aquatic plants was a common theme that arose from the
interviews with each participant. When questioned about their awareness of freshwater algae,
both Marie and Claudine used the Maori terms Pikohu wai and Punakohu wai to describe
freshwater algae. To their knowledge, Piikohu wai (algae) was primarily used by their
whanau to fertilize vegetable gardens and bait eel traps. The interview participants shared a
highly positive view towards the potential of using algae harvested from FANS systems for
fertilizing and bait trapping purposes.

Other observations of Pukohu wai (algae) have been highlighted in an application by Dow
AgroSciences (NZ) Ltd. to the Environmental Protection Authority (EPA). Appendix C:
Relationship of Maori to the Environment of this application mentions ‘“Maori understand
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that Piilkohu wai are valuable to waterways as they help to purify water by absorbing nutrients
from streams and rivers — which is important for maintaining balance within and between Te
Marae o Tangaroa and Te Marae o Tane” (Environmental Protection Authority, 2016). Based
on this observation and responses from interview participants in the present study, it appears
likely that the application of FANS technology will be readily acceptable to Maori (e.g., on
Maori owned farmland).

Kohuwai is another Maori term that has been commonly used to describe freshwater algae.
An early publication by Beattie (1920) briefly described freshwater algae growing in a stream
in Southland, New Zealand: “Kohuwai, also known as kohuai, said one of my informants, is a
green sort of weed or moss in the bottoms of streams, and a small creek between Waikawa
and Chasland's is called Wai-kohuwai because of its bed being so covered with this moss."
(Beattie, 1920, p. 72).

Identifying nga kupu (words and terms) used by Maori to describe freshwater algae is an
important first step towards enhancing our understanding of the wider ecological processes
associated with algae. By understanding the terminology used by Maori who observed and
utilized algae as a resource many generations ago may reveal an awareness of biological
processes that either differs or compliments a Western Science point of view. Incorporating
such knowledge into current water and environmental management practices could be hugely
beneficial towards improving the current status of water quality in Aotearoa New Zealand.

4.6 Limitations and a Mihi to Future Research

Time was the major limitation of the present study. I would have liked to include a broader
range of iwi members in the discussions on Matauranga Maori, in order to gain a wider
tangata whenua (people of the land) perspective on water quality and freshwater algae. To my
knowledge, local Te Arawa iwi (Ngati Pikiao, Ngati Whakaue, and Tthourangi) members
hold a wealth of knowledge pertaining to the generational observation of toxic algal blooms
across a number of freshwater lakes within the Rotorua District. However, I was unable to
speak with these iwi members in the project timeframe. Nevertheless, the matauranga that
was gathered in the present study through literature review and interviews with participants
has indicated an acceptance of FANS technology by Maori and is merely a taste of the depth
and vastness that indigenous knowledge systems have to offer ecological research. I hope that
this thesis provides a small stepping-stone for future environmental studies within Aotearoa,
New Zealand to consider the incorporation and acknowledgment of matauranga Maori.
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Chapter 5

Conclusion

This study has demonstrated that an increased harvest frequency (3 — 3.5 days) and a
sectioned harvest regime was most optimal for maximising the biomass yield of filamentous
algae grown on an outdoor FANS system. Biomass production was over three times higher in
the PARTIAL harvest flow-ways (3.2 g DW m™. d) in comparison to the FULL harvest flow-
ways (0.9 g DW m™. d). However, in terms of nutrient removal there was no significant
difference observed between the PARTIAL and FULL harvested flow-ways. The results of
this study has provided important insights how operational parameters can be optimized in
order to enhance the biomass production performance of FANS systems during spring to
summer months. Although, we are still limited in our understanding of how these particular
operational parameters can be modified for the operation of FANS systems on a year-round
basis. Particularly during winter months when outdoor ambient conditions are less favourable
for algal growth. Therefore, future studies should investigate the optimal harvest frequency
and harvest regime of FANS systems during these times of low biomass production.
Moreover, subsequent studies could also further investigate the productivity of FANS systems
with a different sectioned harvest regimes but similar standing crops.

In terms of the matauranga gathered and presented in this study, it was evident that whanau
and iwi members held a positive view towards the use of FANS technology. Highlighting the
use of harvested algal biomass for fertilizer and bait trapping purposes. Moreover, the
literature review conducted in this study demonstrated an awareness by Maori of the
important role of algae as water purifiers. Therefore, reinforcing the potential acceptance of
this technology by Maori, which will hopefully transpire to the wider use and application of
FANS systems on Maori farmland in future.
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