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Abstract

This thesis represents a comprehensive assessment regarding the cultivation of halophyte
Salicornia ramosissima within aquaculture effluent-based systems and use of different water
sources commonly available at aquaculture farms as treatments. Halophytes, recognised for their
ability to thrive in saline environments, are gaining popularity for their versatile applications
including culinary uses and source of secondary compounds with biorefinery potential. The
experimental study spanned 6 weeks in a greenhouse at the Aquaculture Research Station of Olhao,
Portugal. The setup entailed two production systems: semi-hydroponics and substrate mixture
system consisting of potting soil and mud from a semi-intensive fishpond. Four treatments were
applied in both systems. These involved water sources containing salinities 10, 20, and 35 PSU,
the latter sourced from a semi-intensive pond system. In these treatments, plants received
supplementary fertiliser. Additionally, the 35 PSU treatment was tested without supplementary
fertiliser. Other treatments included water from a nearby brackish well (20 PSU) and its mixture
with freshwater (10 PSU). The study aimed to assess how the two production systems combined
with varying salinities and nutrient levels affect the growth, biochemical properties and nutritional
content of S. ramosissima. Results indicated that the mud-based substrate system consistently
produced higher biomass across all salinities compared to the semi-hydroponics system,
particularly at 35 PSU. In the semi-hydroponics system, plants performed better at moderate
salinity (20 PSU), while performance was more restricted at lower and higher salinities. Additional
fertiliser in the high salinities (35 PSU) did not seem to affect growth or nutritional properties of
biomass. Secondary metabolites were generally higher in biomass without supplementary
fertiliser. The mud-based system appeared more robust, indicating suitability for high salinity
environments. These results indicate that S. ramosissima could be used to effectively optimise
aquaculture wastewater and act as biofilter whilst producing valuable biomass in highly saline
conditions, promoting circular economy.

Keywords: Halophytes; Aquaculture; Wastewater; Salicornia ramosissima; Circular Economy
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Resumo

Esta tese explora a otimizag¢ao do uso das dguas residuais provenientes da aquacultura por meio
do cultivo de halofitas, com énfase na espécie Salicornia ramosissima. As halofitas sdo plantas
que possuem a capacidade Unica de sobreviver e prosperar em ambientes de alta salinidade, o que
as torna adequadas para serem cultivadas em sistemas de aquacultura e aproveitadas para o
tratamento de efluentes salinos. Além disso, estas plantas t€ém atraido atencao crescente devido as
suas multiplas utiliza¢des, como a aplicacdo na alimentacdo, utilizagdo como biocombustiveis e
pelo seu conteido em compostos bioativos com potencial na biotecnologia e na industria
farmacéutica. Este estudo foi realizado no contexto de uma economia circular, que visa a
reutilizag¢do eficiente de recursos, minimizando residuos e contribuindo para a sustentabilidade
ambiental. A experiéncia foi realizada ao longo de seis semanas, numa estufa localizada na Estacdo
Piloto de Piscicultura de Olhao, Portugal, e envolveu dois sistemas de producdo distintos: um
sistema semi-hidropdnico e um sistema de substrato que consistia numa mistura de solo para vasos
e lamas de uma piscicultura semi-intensiva. Ambos os sistemas foram irrigados com diferentes
fontes de 4gua, cada uma com niveis distintos de salinidade, com o objetivo de testar a performance
de crescimento e o perfil e composi¢ao bioquimico da S. ramosissima, sob diferentes condigdes
de cultivo. As dguas utilizadas variaram entre 10, 20 e 35 Unidades Praticas de Salinidade (UPS),
sendo a agua com 35 UPS proveniente de efluentes da aquacultura. As plantas nesses tratamentos
receberam fertilizantes suplementares. Além disso, as plantas com agua de 35 UPS foram testadas
com e sem a adicdo de fertilizantes suplementares, o que possibilitou a avaliagdo dos efeitos da
fertilizagdo em combinagdo com a salinidade no desenvolvimento das plantas. A S. ramosissima é
uma planta halofita conhecida pela sua tolerancia a salinidade e pelas suas propriedades
nutricionais e funcionais. Neste estudo, o principal objetivo foi avaliar como os dois sistemas de
produgdo, aliados aos diferentes niveis de salinidade e fertilizante, influenciam o crescimento, as
propriedades bioquimicas e o valor nutricional desta planta halofita. Além de ser uma planta de
interesse para o tratamento de efluentes, a S. ramosissima também apresenta valor comercial
devido a sua aplicabilidade na alimentacdo e ao seu potencial como biofiltro em sistemas de
aquacultura, especialmente em ambientes com alta salinidade. Os resultados experimentais
indicaram que o sistema de substrato, composto por uma mistura de lamas de tanques de uma
piscicultura semi-intensiva e solo para vasos, produziu, consistentemente, uma maior quantidade
de biomassa em todos os niveis de salinidade quando comparado com o sistema semi-hidropdnico.
Este aumento na producdo de biomassa foi particularmente evidente nos tratamentos com a
salinidade de 35 UPS, onde as plantas demonstraram um crescimento mais robusto e uma maior
acumulagdo de nutrientes essenciais. No sistema semi-hidroponico, as plantas tiveram um
desempenho superior quando submetidas a uma salinidade moderada (20 UPS), enquanto que o
crescimento foi limitado nas salinidades mais baixas (10 UPS) e nas mais elevadas (35 UPS). A
adicao de fertilizante nos tratamentos de alta salinidade (35 UPS) ndo pareceu afetar o crescimento
ou as propriedades nutricionais da biomassa em ambos os sistemas de produgdo. A analise
bioquimica revelou que as plantas cultivadas no sistema de substrato apresentaram niveis mais
elevados de minerais, como calcio, potassio e sédio, em comparacao com as plantas cultivadas no
sistema semi-hidroponico. Estes resultados sugerem que o sistema de substrato oferece melhores
condi¢des para a absor¢do e acumulagdo de minerais, particularmente em ambientes de alta
salinidade. Além disso, a S. ramosissima demonstrou ser uma fonte rica em compostos bioativos,
como fenois, flavonoides e carotenoides, que possuem propriedades antioxidantes importantes e



sdo altamente valorizados na industria alimentar e farmacéutica. Esses compostos tém o potencial
de ser usados em formulacdes nutracéuticas e como ingredientes funcionais em alimentos, para
além dos seus beneficios para a saide humana, como a protecdo contra o stresse oxidativo ¢ a
inflamacdo. Outro aspecto relevante deste estudo foi a avaliagdo das propriedades nutricionais
da S. ramosissima. A planta mostrou um teor consideravel de proteinas, o que a torna uma
candidata promissora para uso como fonte alternativa de proteinas em areas onde o cultivo de
plantas convencionais ¢ limitado pela salinidade do solo. A presenga de proteina ¢ um atributo de
grande interesse, uma vez que a procura por fontes sustentaveis de proteina estd em crescimento,
e as halofitas, como a S. ramosissima, podem desempenhar um papel importante no preenchimento
dessa necessidade. Este estudo também avaliou o teor de humidade, cinzas e compostos anti-
nutricionais, como os taninos e os fitatos, que, embora possam interferir na absor¢do de certos
minerais, ndo foram encontrados em niveis suficientemente elevados para representar uma
preocupacao nutricional significativa. Com base nos resultados obtidos, pode-se concluir que o
sistema de substrato a base de lamas se mostrou mais adequado para o cultivo da S.
ramosissima em condi¢des de alta salinidade, devido a sua capacidade para promover um maior
crescimento e uma melhor reten¢do de minerais. Por outro lado, o sistema semi-hidropdnico exigiu
uma maior atengao na gestao de nutrientes e de salinidade, uma vez que as plantas cultivadas nesse
sistema demonstraram menor resisténcia em condi¢cdoes sem fertilizante adicional e maior
salinidade. Assim, este estudo sugere que a integragdo do cultivo de S. ramosissima em sistemas
de aquacultura, especialmente em regides costeiras onde a salinidade do solo representa um desafio
para a agricultura convencional, pode ser uma solucdo viavel para o tratamento de efluentes ao
mesmo tempo que ha producao de biomassa de alto valor acrescentado. A produgdo desta planta
nestes ambientes ndo so contribui para a melhoria da qualidade da 4gua, removendo nutrientes em
excesso, particularmente compostos nitrogenados, como também proporciona uma nova fonte de
rendimento para os produtores de aquacultura, que podem comercializar a planta como um produto
alimentar ou utilizar a biomassa para a extragdo de compostos bioativos. Além disso, a S.
ramosissima também pode desempenhar um papel importante na mitigagdo dos impactos da
mudanca climatica, uma vez que o seu cultivo requer menos agua doce em comparagcdo com
plantas convencionais, tornando-a uma cultura atrativa em regides onde a escassez de dgua ¢ uma
preocupacdo crescente. O seu uso em sistemas de producdo integrados, como a aquaponia ou
sistemas de aquacultura multi-trofica, favorece uma maior sustentabilidade ambiental e contribui
para a transicdo para uma economia mais circular. Em suma, este trabalho demonstra que a S.
ramosissima tem grande potencial para otimizar a utilizacdo de efluentes de aquacultura, ao
mesmo tempo que gera produtos de valor acrescentado, promovendo uma economia circular e
sustentavel. Os sistemas de producdo com base em substratos a base de lamas oferecem as
melhores condigdes para o cultivo desta halofita em ambientes de alta salinidade, enquanto que o
sistema semi-hidroponico pode ser viavel com a gestdo adequada de nutrientes. A implementagao
destes sistemas pode trazer beneficios significativos tanto para os produtores de aquacultura
quanto para o meio ambiente, abrindo caminho para o desenvolvimento de praticas mais
sustentaveis e rentaveis na produgdo de alimentos em regides costeiras.

Palavras-chave: Halofitas; Aquicultura; Aguas Residuais; Salicornia ramosissima; Economia
Circular
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1 Introduction

The global fisheries and aquaculture production in 2022 expanded to 223.2 million tonnes, a 4.4
percent increase from 2020. Production included 185.4 million tonnes of aquatic animals and 37.8
million tonnes of algae, and for the first time in history, aquaculture surpassed fisheries as the main
producer of aquatic animals (FAO, 2024). Global aquaculture production reached record of 130.9
million tonnes, of which 94.4 million tonnes are aquatic animals, 51 percent of the total aquatic
animal production. FAO states that aquaculture growth indicates its capacity to further contribute
to meeting the rising global demand for aquatic foods, but future expansion and intensification
must prioritise sustainability and benefit regions and communities most in need (FAO,
2017). Overexploitation of marine resources and overfishing are causing depletion of wild aquatic
stocks (Bastardie et al., 2024; Mansfield, 2010). However, since these marine resources contain
essential nutrients such as fatty acids and their necessity in diets, next to the general rising demand
for aquatic foods, causes the imperative growth of aquaculture (FAO, 2024; Rocha et al., 2021).
Hence, as aquaculture will see an intensification, algae and plants such as halophytes could become
important in the biofiltering and remediation of effluents (Buhmann & Papenbrock, 2013b;
Milhazes-Cunha & Otero, 2017). Continuous growing interest on low trophic species highlight the

importance of increasing the knowledge on halophyte production (European Commission, 2022).

1.1 Aquaculture wastewater

The increase in aquaculture production is imperative. However, the by-product waste produced is
directly proportional to the fish production in the aquaculture sector. Nitrogen and phosphorus are
considered two main waste components from fish farming, having potential to pollute and cause
severe environmental problems (Bhavsar et al., 2016; Brown et al., 1999; Zhang et al., 2023).
Hence, the current animal aquaculture sector is facing challenges in the mitigation of the problems
that can occur by the creation of wastewater from fish aquaculture. It is therefore necessary to
establish wastewater treatment or purification systems before discharging back into the natural
environment (Bhavsar et al., 2016). This step is an important measure for the conservation of the

natural ecosystems (Tom et al., 2021).



1.1.1 Aquaculture systems

There are many different aquaculture systems for fish production. The most used are off-shore
farming in cages, farming in semi-intensive ponds and intensive recirculating aquaculture systems
(RAS) (Naylor et al., 2021; Simon & Michael, 2001). The wastewater produced by the offshore
cages systems does not endure real wastewater treatment process, as waste is released directly into
the natural ecosystems. Hence, important fish monitoring is essential to not pollute the natural
environment more than necessary. By monitoring the fish, its feeding behaviour and the
surroundings of the cages, it is possible to, by for instance adjusting feed quantities, reduce and
keep environmental pollution to a minimum (FAO, 2007). Aquaculture cages also tend to provide
positive effects, particularly to the local communities, as it increases feed availability and therefore
biodiversity at the site (Sangirova et al., 2020).

For pond and RAS farming however, it is possible, and often legally obligated in the
Mediterranean (IUCN, 2009), to use at least one form of wastewater treatment before discharging
effluent streams back into the environment. Conventional semi-intensive pond farming systems
often use settlement ponds, where suspended solid particles (SSP) and dissolved nutrients are
removed from the water column before discharging the water back into the natural environment.
This method of water treatment reduces the SSP by 60% at best and is relatively inconsistent
(Castine et al., 2013). RAS on the other hand are intensive production systems that consequently
create more waste. Hence, these systems tend to have highly efficient wastewater treatment
systems in place, as the principle of recirculating water implies the need of cleaning the used water
before using it again (Tom et al., 2021). This can only be possible with water purification steps
before recirculating it back into the fish tanks. It is performed by using multiple filter steps, which
usually involve both mechanical and biological filters (Orellana et al., 2014). The mechanical filter
removes the SSP and the biological filter converts and reduces the nutrients present in the system.
Biofilters play a crucial role in the nitrogen cycle, particularly in the conversion of toxic ammonia
excreted by fish into less harmful compounds, such as nitrite and nitrate (Ruiz et al., 2020). This
process is fundamental for preventing ammonia toxicity, a common challenge in intensive
aquaculture systems. Biofilters harness the power of beneficial bacteria, particularly nitrifying
bacteria, which adhere to various surfaces within the filter media, such as bio-balls (Hiipeden et
al., 2020). These bacteria are naturally found and are able to form biofilms, creating a thriving

microbial community (Hargreaves, 1998). The two key phases of the nitrogen cycle, ammonia



(NH3) to nitrite (NO2") and nitrite to nitrate (NO3"), are facilitated by different groups of nitrifying
bacteria: Ammonia-Oxidizing Bacteria (AOB), which is the bacteria of the genus Nitrosomonas
and Nitrite-Oxidizing Bacteria (NOB), the bacteria of the genus Nitrobacter (Ruiz et al., 2020). As
these bacteria are naturally occurring in presence of high levels of nitrogen, the settlement ponds
from the semi-intensive pond systems also tend to contain these in considerable levels in the
sediment (Boyd, 2019). Therefore, the collected waste from pond systems and RAS, removed by
the settlement pond or the filters in the RAS, has high concentrations of nutrients. Occasionally,
this waste, also called sludge, is used for compost or treated to be able to use it on land for

fertilising purposes (Turcios & Papenbrock, 2014).

1.1.2 Polyculture systems
Another alternative to wastewater treatment is aquaponics. Aquaponics is a food production
system that incorporates conventional aquaculture systems or RAS, raising aquatic animals such
as fish, prawns or shellfish in tanks with hydroponics, cultivating plants in water, in symbiosis
where both products benefit from one another, as excretion products from one production can be
re-used as raw material for another production (Lavaud et al., 2023; Martan, 2008; Rakocy et al.,
2006). Although depending on quantity of nutrients present, plants tend grow rapidly with the
available dissolved nutrients that are excreted by fish directly or produced by the microbial
breakdown of fish waste (Rakocy et al., 2006). Hydroponic cultivation systems make use of many
different materials for substrates that the plants can use to establish their roots. Traditionally,
mediums including vermiculture, saw dust, peat moss and sand were used. However, recently
mediums such as rockwool, expanded clay pebbles and perlite are available as popular options for
hydroponic systems (Sheikh, 2006). Aquaponics has an ancient history, where rice farmers in
Thailand and South China would grow fish in their rice fields. The ancient Aztecs in Mexico would
use similar principles as early as 1150-1350 BC (Okomoda et al., 2022). These polyculture
farming systems have already existed in many far Eastern countries where fish, such as common
and crucian carp, swamp eel, as well as pond snails, would be raised in the paddy fields (Binh &
Phillips, 1997). However, since most agricultural crops are salt intolerant, it is challenging to create
aquaponic systems in saline environments and marine aquaculture systems (Flowers, 2004).

An alternative approach to sustainable food production is Integrated Multi-Trophic

Aquaculture (IMTA). IMTA is essentially an expanded version of aquaponics, as it combines



conventional aquaculture systems with the cultivation of multiple species from different trophic
levels, such as fish, shellfish, seaweeds and/or halophytes, in a mutually beneficial arrangement
(Chopin et al., 2012). In IMTA systems, nutrient-rich effluents from one species serve as
nourishment for another, creating a balanced and resource-efficient ecosystem (Chopin et al.,
2012). This integrated approach minimises environmental impact and enhances overall system
resilience. Another popular wastewater effluent optimisation system is the use of constructed
wetlands, which offer a natural and ecologically comprehensive method for treating aquaculture
wastewater. In this system, popular with saline water environments, plants and microorganisms
can work together to filter and purify aquaculture effluents (Vymazal, 2011). The plants absorb
nutrients from the wastewater, providing a natural and sustainable solution for nutrient removal.
Constructed wetlands are recognised for their efficiency in reducing pollutants and improving
water quality, presenting a sustainable option for mitigating the environmental impact of
aquaculture effluents (Vymazal, 2011). This ecological and sustainable approach aligns with the
growing emphasis on environmentally friendly practices in aquaculture. Moreover, constructed
wetlands have shown positive effects for growing the halophyte species Salicornia, using

aquaculture effluents (Diaz et al., 2020; Lee et al., 2009; Turcios et al., 2021).

1.2 Halophytes

Halophytes are salt-tolerant plants able to complete their life cycle in soil or waters with high
salinity, with some species, such as Salicornia, tolerating up to 1 M NaCl (approximately 58 PSU)
(M. A. Khan et al., 2005; Lv et al., 2012). They comprise at most 2% of terrestrial plant species,
but have independently evolved multiple times across unrelated plant families during the evolution
of angiosperms (Bennett et al., 2013). This limited representation belies the large diversity of plant
forms within this group, and intriguingly, halophytes have found versatile applications as
vegetables, forage, and oilseed crops. Among the adaptations of halophytes to saline conditions is
the accumulation and compartmentalisation of compatible solutes and ions, facilitating osmotic
adjustments. Additionally, halophytes can regulate transpiration and accumulate essential
nutrients, such as potassium (K), even in the presence of elevated sodium (Na) and chloride (Cl)
concentrations (Flowers et al., 2010). Consequently, halophyte plants emerge as valuable sources
of essential minerals. The presence of sodium, potassium, chloride, iron, calcium, magnesium and

phosphorous highlights the mineral richness (Lopes et al., 2021). Moreover, halophytes possess



various nutritional and functional properties that make them appealing, such as low fat, adequate
protein levels and the presence of secondary metabolites, such as phenolics (Barreira et al., 2017;
El-Amier et al., 2021). Furthermore, contrary to glycophytes, halophytes can be cultivated in saline
conditions, therewith reducing freshwater use and making them of particular importance to the

issues of climate change and soil and water salinisation (Hameed et al., 2024).

1.2.1 Plant characteristics

Salicornia spp. generally grow in areas periodically flooded by salty or brackish water (Cardenas-
Pérez et al., 2022). They are characterised as succulent annual species with highly reduced leaves
and racemose terminal inflorescences with a linear arrangement of flowers (Scott, 1977).
Salicornia species are widely distributed across Eurasia, North America, and South Africa,
comprising of approximately 2530 species in the present context (Kadereit et al., 2007). However,
the poorly characterised taxonomy of Salicornia spp. poses substantial challenges for its practical
use as a crop, as Salicornia spp. is generally sold as mix of Salicorniaceae species due to incorrect
taxonomical identification. The complex taxonomy makes the classification of species,
microspecies, subspecies, varieties, and putative hybrids particularly difficult (Kadereit et al.,
2007; Teege et al., 2011). Factors such as the scarcity of morphological characters, phenotypic
plasticity, breeding systems, and hybridisations contribute to additional complexities. Therefore,
it is extremely difficult to recognise whether plants occurring in the same area, sharing a similar
morphology, have the same genotype. Among the many Salicornia species, S. europaea and S.
ramosissima are two of the most identified in Portugal (Kadereit et al., 2007).

Moreover, Salicornia spp. are known and renowned in both the food and pharmaceutical
industries for their bioactive compounds that offer health benefits. In Asia, Salicornia spp. have
traditionally been used as a medicine for constipation, nephropathy, hepatitis, diarrhoea, obesity,
diabetes and other disorders (Rhee et al., 2009). The bioactivities and chemical components
reported in Salicornia spp. are primarily attributed to their diverse secondary metabolites. Phenolic
compounds, including flavonoids and phenolic acids like caffeic acid, ferulic acid, and
protocatechuic acid, are renowned for their biological activities such as antioxidant, anti-
inflammatory, antidiabetic, and cytotoxic effects. Therefore, Salicornia spp. and its secondary
metabolites have the potential to contribute significantly to health benefits such as protective

effects against oxidative stress, cancer, and inflammation (Kim et al., 2021). Hence, these



compounds can serve as valuable secondary metabolites in pharmaceuticals or as nutraceutics in
food (Céardenas-Pérez et al., 2021). Aside of that, Salicornia spp. holds significant commercial and
culinary value, often used as a salt substitute. The generalisation of Salicornia consumption creates
commercial interest in cultivating the species (Lima et al., 2020). Salicornia species, such as S.
bigelovii, are reported to be cultivated in farms for commercial distribution mainly for biodiesel,
animal feed, salt and oil extraction (Cybulska et al., 2014). Moreover, companies such as RiaFresh
and Salivitae, based in the Algarve region, Portugal, are cultivating halophytes, including S.
ramosissima, in greenhouse and open-field conditions for commercial food-consumption
purposes. When harvesting, edible fresh tips, also called shoots, are cut from the stem, which,
depending on the conditions, can be done up to three times per plant. After harvesting, remaining

lignified stem is left and often seen as waste, without economic value (Hulkko et al., 2022).

1.2.2 Growing conditions

Salicornia spp. requires salt for its optimal growth, yet the precise concentration required by the
specific species tends to vary depending on variable greenhouse conditions such as temperature,
day length, humidity and substrate (Singh et al., 2014). Previous work reported optimal
temperature and salinity for growth of S. ramosissima between 25°C and 29°C, and around 171
mM NaCl (Mesa-Marin et al. (2019), although plants can tolerate different ranges. However,
reported by earlier-mentioned study was that growth can be significantly inhibited at salinity levels
exceeding 510 mM NaCl. Furthermore, irrigation can be performed with saline water and,
particularly during germination and early growth stages, consistent moisture is crucial (Ozturk et
al., 2018). However, Salicornia spp. seed germination decreases with the increase of salinity
(Orlovsky et al., 2016). Furthermore, Salicornia spp. favour well-drained, sandy, or loamy soils.
The plants are commonly found in coastal salt marshes where the soil is periodically submerged
with seawater, providing a naturally saline environment (Céardenas-Pérez et al., 2022; Mesa-Marin
et al.,, 2019). Notably, the vegetative growth of Salicornia spp. significantly slows down after
flower initiation, leading to a reduction in yield. This process also results in the production of
undesired flowering on shoots, which hold no market value (Ozturk et al., 2018). The initiation of
flowering is influenced by environmental factors such as day length, with longer days promoting
flowering. Managing the timing of flowering through controlled environmental conditions can

therefore be crucial in optimising yield and maintaining quality (Ventura et al., 2011).



1.2.3 Salicornia ramosissima

Salicornia ramosissima is a dicotyledonous edible halophyte, belonging to the Amaranthaceae
family. Salicornia species are of particular interest as halophytes because they are emerging as
multi-purpose plants with significant potential. Demonstrating adaptability for cultivation as a
vegetable in saline conditions (Ventura et al., 2010, 2011), S. ramosissima has proven to be a
valuable source of secondary compounds, such as phenolic compounds, including flavonoids,
phenolic acids, liposoluble pigments and more (Buhmann & Papenbrock, 2013a; ElNaker et al.,
2020). In terms of nutritional content, these plants typically exhibit higher ash content compared
to other edible plants, as reported by Borah et al. (2009). Lopes et al. (2021) reported that on a dry
weight (DW) basis, S. ramosissima consisted of 47.4% ash, 4.16% protein, 0.45% lipids, 48.0%
carbohydrates and 10.4% crude fibre, with moisture content at of 85.62% % (g/100 g of fresh
weight). The elevated ash content in Salicornia spp. is associated with the its overall mineral
concentration, a consequence of their adaptation to saline environments, and allows it to effectively

retain minerals (Diaz et al., 2013).

1.3 Analytic techniques

1.3.1 Nutritional properties
Proximate composition analysis, the foundation in nutritional assessment, involves the
identification and quantification of macronutrient components including the levels of moisture,
ash, crude protein, lipids and carbohydrates. Primary metabolites, such as carbohydrates, proteins,
and lipids are essential for life functions including growth, development and reproduction of living
cells (Zaynab et al., 2019). The assessments are generally performed using multiple possible
techniques. The determination of moisture content involves the drying of the biomass. This is
commonly performed by use of conventional methods such as a ventilated oven (Pereira et al.,
2023). However, other technologies, including microwave and infrared drying, can contribute to
faster analysis and reduced sample degradation (Lechtanska et al., 2015). Determining moisture
content in Salicornia is crucial as this plant grows in saline environments which influences its
water content (Lopes et al., 2023). Furthermore, understanding the moisture content is essential as
it could impact the concentration of other components when expressed on a dry weight basis.

The determination of ash content relies on the incineration of dried samples. Recent

approaches include dry ashing and wet ashing methods. Dry ashing, the incinerating of a sample



at high temperatures in for instance a muffle furnace in the absence of added liquids, is most used
(Mukherjee, 2019; Pereira et al., 2023; Youssef et al., 2022). Wet ashing on the other hand, involves
the use of mixing of a sample with a suitable acid or acid mixture such as nitric acid or perchloric
acid, which allows the selective extraction of elements (Mukherjee, 2019). Ash content reflects the
total mineral content of Salicornia, which is important given its strong ability to accumulate
minerals due to its growth in saline environments (Lopes et al., 2023). Hence, ash analysis can
prove useful for understanding the nutritional value of the plant and indicating the mineral
contents.

Determining the crude protein is generally performed through nitrogen assessment.
Commonly used methods to assess nitrogen content are Kjeldahl method (Licon, 2022) and Jones
method (Jones, 1931). Where combustion-based methods by Jones are generally faster and more
suitable for samples with lower expected nitrogen contents, Kjeldahl offers a traditionally, widely
used and cost-effective solution by means of digestion of a sample in concentrated sulfuric acid.
Once the nitrogen content is determined, it is multiplied by the corresponding factor to determine
crude protein content. The factor depends on the analyses matrix, in which the Kjeldahl method
uses factor 6.25 for plants. This factor assumes that proteins on average contain about 16%
nitrogen (1 /0.16 = 6.25). Protein content determination is important, as proteins are essential for
human and animal nutrition. Salicornia spp. could, particularly in regions where conventional
crops may struggle to grow due to saline soils, serve as an alternative protein source.

Regarding lipids and carbohydrates, lipids provide essential fatty acids and are a source of
energy, though their total content is usually low in Salicornia species (Cardenas-Pérez et al., 2021;
Hulkko et al., 2022). In contrast, carbohydrate detection offers insights into its energy distribution
and dietary fibre content, which could be useful for future applications of Salicornia due to its
fibrous nature. For those interested in determining lipid content, extraction methods such as the
Bligh and Dyer or Folch methods are generally used (Bligh & Dyer, 1959; Breil et al., 2017),
followed by calculating the difference between the extracted components and the total weight for
carbohydrates quantification (Pereira et al., 2023; Youssef et al., 2022). Additionally, more
advanced techniques for carbohydrate analysis include high-performance liquid chromatography

(HPLC) and enzymatic methods involving amylase and lactase (Yan, 2014).



1.3.2 Minerals

Minerals are essential for plant growth, but also human health. In plants, minerals are required to
complete their life cycle, and they support key processes such as photosynthesis, enzyme function,
and nutrient transport, ensuring optimal growth and resilience (Maathuis, 2009). On a nutritional
level, minerals like calcium, iron, magnesium, and potassium are vital for bone health, immune
function, and maintaining fluid balance (Gharibzahedi & Jafari, 2017). Edible plants rich in
minerals can help address nutritional deficiencies, making their mineral content critical for both
agriculture and human nutrition. For mineral composition analysis, spectroscopic methods are
widely used. Dried biomass samples are first digested using acids such as nitric acid (Pereira et
al., 2023), and afterwards analysed with the help of spectroscopic techniques such as Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) and Atomic Absorption Spectroscopy (AAS).
These are notable for their precision and sensitivity (Geiger, 2004). Another method that can be
used is the Microwave Plasma-Atomic Emission Spectrometer (MP-AES), which has the lower
running costs and uses no flammable gases (Agilent, 2023). The mineral analysis for Salicornia
spp. is specifically relevant and of particular interest due to its ability to accumulate minerals

(Lopes et al., 2021).

1.3.3 Bioactive compounds

Secondary compounds, also known as secondary metabolites, are organic compounds that are
produced by plants and other organisms which are not directly involved in the primary metabolic
processes like growth, development, or reproduction. Unlike primary metabolites (carbohydrates,
proteins, and lipids), which are necessary for basic life functions, secondary metabolites often
serve ecological roles, such as defence against herbivores, attraction of pollinators, or interactions
with other organisms (Demain & Fang, 2000; Zaynab et al., 2019). Phenolics and flavonoids are
secondary metabolites synthesised by plants in response to various environmental stresses and play
significant roles in plant defence mechanisms (Luna-Guevara et al., 2018). The determination of
total phenolics contents (TPC) involves extracting phenolic compounds from plant material using
suitable solvents such as methanol or ethanol. Spectrophotometric methods, such as the Folin-
Ciocalteu (FC) assay, are commonly employed to quantify TPC based on the ability to reduce the
FC reagent (Singleton & Rossi, 1965). Similarly, the assessment of total flavonoids content (TFC)

follows an extraction process using appropriate solvents like methanol or acetone. The aluminium



chloride colorimetric method is often utilised to quantify flavonoids based on their ability to form
complexes with aluminium chloride, which are measured spectrophotometrically (Chang et al.,
2002). Both TPC and TFC provide data on antioxidant potential and bioactive compounds
(Sanchez-Gavilan et al., 2021).

Next to phenolics and flavonoids, liposoluble pigments such as chlorophylls and
carotenoids are additional components of the biochemical profile of S. ramosissima. Chlorophylls
are responsible for the green shades, while carotenoids contribute to the yellow to red shades in
the plant. Both pigments are recognised for their antioxidant properties (Britton, 1995). These
compounds play crucial roles in photosynthesis and photoprotection against excess light and
contribute to the plant's adaptation to saline environments (Niyogi, 1999). The extraction and
quantification of carotenoids involve solvent extraction methods followed by spectrophotometric
analysis or chromatography techniques like high-performance liquid chromatography (HPLC)
(Rodriguez-Amaya, 2001).

1.3.4 Antinutritional properties

Antinutritional properties include a range of compounds that can interfere with the absorption of
nutrients or affect digestive processes in animals. For plants, these compounds often serve as
defence mechanisms against pests or environmental stress. However, for consumers, anti-
nutritional factors such as phytates, oxalates, or tannins can reduce the bioavailability of important
minerals like iron, calcium, and zinc (Salim et al., 2023). Understanding and managing these
compounds in edible plants is important to maximise their nutritional benefits while minimising
negative effects on human health. Phytic acid is a compound found in seeds and grains that can
form non-soluble compounds with minerals such as calcium, magnesium, iron, and zinc. These
compounds reduce the bioavailability of these essential minerals in the digestive tract and are
therefore impacting their absorption (Reddy et al., 1982).

Tannins are a diverse group of polyphenolic compounds that have both anti-nutritional, but
also beneficial effects. Tannins can bind to proteins and other organic compounds, potentially
reducing their digestibility and nutritional value. In moderate amounts, tannins can provide health
benefits, but in high concentrations can negatively impact nutrition and health (Chung et al., 1998;
Hoque et al., 2024). Antinutritional properties are determined with methods such as methanol

extraction and subsequent assessment of antinutritional properties, including for instance the
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determination of phytic acid and tannins contents, and trypsin inhibition (Majik & Gawas, 2023;
Youssef et al., 2022). The quantification of antinutritional properties such as phytic acid and
tannins typically involve spectrophotometry methods, such as colorimetry after acid digestion (El-

Amier et al., 2021; Youssef et al., 2022)

1.4 Objective

This study aims to explore new possibilities and create awareness in the progression to circular
economy implemented food production systems. The main goal of this research is to investigate
the potential of using the edible halophytic plant, Salicornia ramosissima, to effectively optimise
aquaculture wastewater in distinct production systems. It evaluates how two production systems,
semi-hydroponics and mud-based substrate, with supplementary fertiliser, under varying salinity
levels from commonly available water sources at aquaculture farms, including aquaculture
wastewater from a semi-intensive pond system (35 PSU), brackish well water (20 PSU), and its
mixture with fresh water (10 PSU), influence S. ramosissima cultivation. Additionally, the
aquaculture wastewarer source (35 PSU), was also tested without supplementary fertiliser. To fulfil
this, the following secondary goals will be addressed. (1) Determine how the semi-hydroponics
and mud-based substrate systems affect growth of S. ramosissima under varying salinity and
nutrient conditions (2) How such production systems and conditions alter the agronomic features,
such as plant biomass, of S. ramosissima. (3) How such production systems and conditions impact
the biochemical properties of produced edible and lignified biomass, including nutritional and

antinutritional profile, and secondary bioactive metabolites content.
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2 Materials and methods

The experimental cultivation trials were carried out in a greenhouse at Instituto Portugués do Mar
e da Atmosfera (IPMA)/Estacdo Piloto de Piscicultura de Olhdo (EPPO), Olhdo, Portugal
(37°2'0.041"N; 7°49'11.615"E) for 6 weeks, from March 2023 to April 2023. Salicornia
ramosissima plants were obtained from RiaFresh, a company based in Faro, Portugal, and identity
of species was confirmed by molecular methodologies, seen in 2.1 Molecular identification of
species. The agronomic handling and transplanting was carried out as described by Buhmann et
al. (2015). The biomass processing and characterisation was performed at the facilities of Centro

de Ciéncias do Mar (CCMAR), University of the Algarve, Faro, Portugal.

2.1 Molecular identification of species

Two Salicornia samples were received from RiaFresh (designated individuals 1 and 2) and
transferred into Eppendorfs with silica. Primers were specifically designed to identify the genus.
Genomic DNA was extracted using a commercial kit (ISOLATE II Genomic DNA Kit, Bioline),
following the supplier's recommendations. Molecular identification was performed using PCR to
amplify a genomic region containing ITS1, the 5.8S gene, and ITS2 in the two samples, followed
by sequencing of the PCR products. The PCR protocol included an initial denaturation step at 95°C
for 5 minutes, followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 57°C for
30 seconds, and extension at 72°C for 30 seconds. The final extension was carried out at 72°C for
10 minutes, and the reaction was held at 4°C indefinitely. The amplified products were sequenced,
and the sequences were aligned with available sequences in public databases from the National

Center for Biotechnology Information (NCBI) for comparison and species identification.

2.2 Experimental cultivation setup

A comparison of two aquaculture effluent-based production systems, semi-hydroponics and mud-
based substrate, was made for S. ramosissima. Each system was irrigated with water from common
aquaculture farm sources, including wastewater from a semi-intensive pond system, brackish water

from a nearby well and freshwater. S. ramosissima plants were obtained and maintained in clusters,
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where each cluster (6 cm x 6 cm) contained roughly 20-30 individual plants with an average height

of 15 cm. Full experimental cultivation setup scheme can be seen in Figure 2.1.

ic i [[ofEn | [2c @
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Figure 2.1: Experimental cultivation setup, where System 1 (left) indicates the semi-hydroponics system
and System 2 (right) indicates the mud-based soil substrate system, with according salinity levels. “A”
indicates the treatment with water of salinity 10 PSU, “B” of salinity 20 PSU, “C” and “D” of salinity 35
PSU. All treatments except “D” received additional supplementary fertiliser.

2.2.1 Experimental production systems

Two production systems for S. ramosissima were used. The first system was a semi-hydroponics
system (Fig. 1A-D), where a platform of Styrofoam was created in which the plants were
transplanted. This platform, containing the plants, was placed in a tray with dimensions of 60 x 35
x 7 cm (L x W x H), equalling approximately 15 L, in which the platform floated on top of the
water of the designated treatments. The treatments are further elaborated on in chapter 2.2.2
Salinity treatments and nutrients. The Styrofoam platforms were square, with each platform
containing nine empty slots of approximately 6 cmx 6 cm, arranged in three rows of three slots.
Each replicate of each treatment had a platform that contained five clusters of plants, one placed
in each corner and one in the middle, thus leaving four slots empty, one on each side.

The second system used a soil substrate (Fig. 1 A-D) consisting of mud from the decantation
pond of the semi-intensive pond system from the experimental fish farm at EPPO, mixed with
potting soil (Gramoflor Profisubstrat, Germany), with a ratio of 1:2, respectively. The substrate
mixture was added to 20L jerrycans that were cut in half to create two pots, with drainage holes in

the bottom. Similarly to the semi-hydroponics system, each pot held five clusters of plants that
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were positioned in the identical manner. This substrate system was designed to mimic effects of
artificial wetlands, shown to be beneficial for salicornia cultivation on aquaculture effluents

(Buhmann & Papenbrock, 2013b; Diaz et al., 2020). The practical setup can be seen in Figure 2.2.

Figure 2.2: Practical overview of experimental cultivation setup, where the left picture indicates the semi-
hydroponics system and the right picture indicates the mud-based soil substrate system

2.2.2 Salinity treatments and nutrients

The water sources used included wastewater from a semi-intensive pond system, brackish water
from a nearby located well and freshwater. The water source from the semi-intensive pond system
had an average salinity of 35 Practical Salinity Units (PSU) and the water from the well had an
average salinity of 20 PSU. Besides these two sources, a mixture of the brackish well water with
fresh water, resulting in a salinity of 10 PSU, was used. This approximate salinity level was also
used at RiaFresh, the supplier of the stock plants. Thus, a total of three different salinities were
used in this experimental setup. Unfortunately, due to instrumental constraint, no nutrients could
be analysed in the different water sources and mud from the settling pond. Therefore, the two water
sources of salinities 10 PSU (the mixture), and 20 PSU (brackish well), respectively, were assumed
to contain insufficient nutrients for plant growth, and were thus enriched by adding fertiliser
(Folivex Crescimento 1L, Tradecorp, Spain) during the cultivation trial. The water source from the
effluent of the semi-intensive pond, however, was expected to contain nutrients beneficent for plant
growth (Castilla-Gavilén et al., 2024; Diaz et al., 2020). However, since the nutrients could not be

measured, no data was available on precise quantities of available nutrients. Therefore, the water
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source with 35 PSU from the effluent of the semi-intensive pond system was used with and without
extra fertiliser. In summary, four different treatments were used: a mixture of fresh and brackish
water from the well with added fertiliser (10 PSU), brackish water from the well with added
fertiliser (20 PSU), semi-intensive pond system wastewater with added fertiliser (35 PSU) and
semi-intensive pond system wastewater without added fertiliser (35 PSU). Each treatment was

performed in triplicates.

2.2.3 Experimental conditions

Both production systems were run simultaneously. Plants were given two weeks to acclimatise to
their treatment salinities without added nutrients, to reduce stress upon start of trial. Both
cultivation systems were provided with equal supplies of water every 2-3 days. Plants with salinity
treatments 10, 20 and 35 PSU were provided with fertiliser on day 14 and 28, respectively, by
means of foliar application at a concentration of 3 L/ha. Moreover, two plant cuttings were
harvested on day 22 and 40, respectively. Plants were cut at 15 cm above the substrate. Biomass
from these cuttings were measured, weighed and frozen. On day 42, marking the end of the
cultivation trial, plants were harvested entirely (partly lignified) and separated into green biomass,
lignified stems and roots. Afterwards they were weighed, immediately frozen and kept at — 20°C
for further processing.

All biomass processing and characterisation analyses were, unless stated differently,
carried out at facilities of CCMAR, University of Algarve, Faro, Portugal. Most solvents used were
purchased from Sigma-Aldrich (Germany). Ethanol was purchased from AGA (Sweden), sulphuric
acid from Merck (Germany) while other chemicals were provided by VWR (Belgium). The
equipments used included a freezedryer (FreeZone, 6L) by Labonco (US), ultrasonic bath
(Ultrasonic Cleaner USC-TH), a salinity meter (pHenomenal®) and an EZ Read 400 microplate
reader supplied by Biochrom (Austria). Biomass was divided into 1) aerial edible parts (green
biomass, tender shoots), 2) aerial nonedible parts (aerial organs, lignified), and 3) roots. The aerial
edible parts comprised of two types of biomass: the biomass taken from the first cutting (week 3),
and the final biomass from the second cutting (week 6) mixed with the green biomass separated
from the cut plants at the end of the trial, which were weighed individually before mixing. All

frozen biomass was dried by freeze drying and reduced to powder using a kitchen blender.
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2.3 Biomass analysis and processing

2.3.1 Nutritional properties analysis

Freshly collected edible biomass was dried in a ventilated oven (105°C, 16h) to determine moisture
content, which was performed at facilities EPPO. Furthermore, dried samples were analysed for
ash content by incineration (515°C, 5h) in a muffle furnace. The salty flavour of the fresh plants
was determined by macerating the samples with distilled water at a ratio of 1:10 (w/w) and
measuring the electric conductivity (EC) using a conductivity meter (Hanna Instruments). The
crude protein was assessed by total nitrogen (CHN Elemental Analyzer Vario EL III) and following
macro Kjeldahl method where evaluated nitrogen was multiplied by 6.25. Results are expressed

as g per 100 g of dry weight biomass (DW).

2.3.2 Mineral analysis

Dried biomass was assessed for mineral content: samples were digested on a Microwave Digestion
System (Discover SP-D 80, CEM Corp., Matthews, USA) with 67% nitric acid (4 min. ramp
temperature to 200°C, hold for 3 min), diluted with ultra-pure water and analysed with a
Microwave Plasma-Atomic Emission Spectrometer (MP- AES; Agilent 4200 MP-AES, Agilent,
Victoria, Australia), as described by Pereira et al. (2023). Results were conveyed as mg/g DW or
mg/kg DW.

2.3.3 Bioactive compound analysis

Methanol extracts were prepared by mixing dried samples with equal parts of methanol and
acetone 40 mL/g (1:20:20, w/v/v). Solutions were placed in an ultrasonic bath at room temperature
(RT) for 30 minutes. Afterwards, the extracts were filtered (Whatmann n°. 4), the solvent removed
in a rotary evaporator, and the dried extract resuspended in methanol at a concentration of 10

mg/mL.

2.3.3.1 Phenolics
Total phenolics content (TPC) was determined in the prepared extracts by the Folin-Ciocalteu (FC)
assay, as described by Velioglu et al. (1998) and adapted to a 96-well plate. Extracts (5 pL) were
mixed with 100 pL of FC reagent (diluted 1:10, v/v) and 100 pL of 75 g/L sodium carbonate

solution. An incubation time of 90 minutes in the dark at RT was used. Absorbance was measured
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at 725 nm. A calibration curve was generated using gallic acid standards (1 — 0.001 mg/mL),
resulting in the equationy = 1,2943x + 0.0385 (R? = 0.9988). Results were calculated and
expressed as mg of gallic acid equivalents per gram of dry weight (mg GAE/g DW).

2.3.3.2 Flavonoids
Total flavonoid content (TFC) was determined in the prepared extracts according to the method
described by Pirbalouti et al. (2013), adapted for a 96-well plate format. Extracts (50 pL) were
mixed with 50 pL of 2% aluminium chloride-ethanol (AICI3-EtOH) solution, incubated for 10
minutes, and measured at 420 nm. A calibration curve was generated using quercetin standards (1
— 0.001 mg/mL), resulting in the equation y = 5.3918x + 0.1643 (R? = 0.9859). Results were
calculated and expressed as mg of quercetin equivalents per gram of dry weight (mg QUE/g DW).

2.3.3.3 Liposoluble pigments
Carotenoids, chlorophyll a and chlorophyll b were determined in the prepared extracts according
to methods described by Wellburn (1994) for a 96-well plate. The absorbances were measured at
470, 653 and 666 nm. Following equations were used to make the calculations, expressed in mg/g:
Chlorophyll a (Ca) (ng/mL) 16.72A666 — 9.16A653
Chlorophyll b (Cv) (nug/mL) 34.09A653 — 15.28 Asso
Carotenoids (Cx+c) (ug/mL) = (1000A470 — 1.63Ca— 104.96Cb) / 221

2.3.4 Anti-nutritional properties analysis

2.3.4.1 Tannins

Total tannins content (TTC) was determined in the prepared extracts following the colorimetric
method of 4-dimethylaminocinnamaldehyde hydrochloric acid (DMACA) described by Li et al.
(1996) and adapted by Zou et al., (2011) for a 96-well plate. Extracts (10 pL) were mixed with 200
puL of DMACA (1% in MeOH) and 100 pL of hydrogen chloride (HCI, 37%), incubated for 15
minutes, and measured at 640 nm. A calibration curve was generated using catechin standards (1
— 0.001 mg/mL), resulting in the equation y = 1,0504x + 0,0747 (R? = 0,9817). Results were
expressed as mg of catechin equivalents per gram of dry weight (mg CAT/g DW).
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2.4 Statistical analysis

The assays were conducted in triplicates, and results were presented as means of replicates and
standard deviation (mean + SD). The data were subjected to statistical analysis Kruskal-Wallis and
Dunn’s post-hoc test to determine the significance of differences between treatments. The
composition of water used in the respective experimental treatments was statistically regarded as
a categorical factor, rather than quantitative, because water differed not only by salinity but also
by origin (semi-intensive pond or brackish well plus fresh water) and, at salinity 35 PSU, by the
presence or absence of added fertiliser. Nevertheless, the water qualities are referred to by their
corresponding salinity level, for sake of brevity. All statistical analyses were performed by use of
the statistical program SPSS, software version 29.0.2.0 (20) (Armonk, NY: IBM Corp). A level of

p <0.05 was considered to be significant.
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3 Results

3.1 Plant biomass results

Fresh plant biomass weight from the first (a) and second (b) cutting is shown in Figure 3.1. The
cultivation system using the substrate mix of mud and potting soil is referred to as the mud-based
system. Comparing the two production systems in the first cutting, the mud-based system provided
overall significantly higher biomass. No significant differences between salinities were found in
the biomass from the first cutting, for either of the two systems. However, when comparing the
production systems at respective salinity levels, the mud-based system showed significantly higher
biomass production in salinity 10 and salinity 35 without added fertiliser (w/0), compared to the
semi-hydroponics system. In the second cutting, the two production systems only showed
significant difference in salinity 20, where the semi-hydroponics system resulted in higher biomass
production. Within the semi-hydroponics system, salinity 20 produced significantly more biomass
than salinity 10 and 35 w/o. In the mud-based system, salinity 10 produced significantly lower

biomass than salinities 35 and 35 w/o.

Weight biomass first cutting (g) Weight biomass second cutting (g)
a) Production b) Production
1500 a :::.:'m 15.00 .:y:sr:::'n(s
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10 20 35 35w/o ' 10 20 35 35wjo
Salinity (PSU) Salinity (PSU)
Figure 3.1: Fresh weight of harvested plant biomass (g) from a) first (week 3) and b) second (week 6)
cutting, each comparing the semi-hydroponics system (left, blue bar) and mud-based substrate system
(right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser). Results are
shown in mean £SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and mud-
based substrate production systems, placed on the lower value. Capital letters indicate differences between
salinities at semi-hydroponics system. Low case letters indicate differences between mud-based substrate
system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).
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After the first and second cutting, the weight of the remaining edible biomass (green) and non-
edible biomass (lignified aerial parts), were compared between the two production systems and
different salinities (Figure 3.2). Figure 3.2a indicates the weight of the edible biomass and Figure
3.2b the weight of the non-edible biomass. Comparing the overall productivity between production
systems revealed that the mud-based system produced significantly more non-edible biomass,
while no significant differences were observed regarding the final edible biomass. In the
cultivation system using the mixture of mud with potting soil, the remaining final edible biomass
at salinities 35 and 35 w/o was significantly higher than at salinity 20. Remaining non-edible
biomass in the semi-hydroponics system was significantly lower than in the mud-based substrate
system at all salinities. Also, the plants at salinities 35 and 35 w/o in the semi-hydroponics system
produced significantly higher biomass than at salinity 20. The mud-based system produced more

non-edible biomass at salinity 35 than at salinities 10 and 20.
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Figure 3.2: Fresh plant weight (g) from plants at day 42 (end of trial), separated in a) edible (green, non-
lignified) (cuttings excluded), b) non-edible (lignified stems) comparing the semi-hydroponics system (left,
blue bar) and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o
(without added fertiliser). Results are shown in mean =+ SD (n = 3). Asterisk denotes significant differences
between semi-hydroponics and mud-based substrate production systems, placed on the lower value. Capital
letters indicate differences between salinities at semi-hydroponics system. Low case letters indicate
differences between mud-based system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-
hoc test, p < 0.05).

Total edible biomass, including first and second cutting and remaining edible biomass after
cuttings, was compared with the non-edible biomass of the stems (Figure 3.3). The total edible
biomass obtained in the semi-hydroponics system (a) was significantly higher in salinity 35

compared to salinity 10. In the mud-based system (b) both salinities 35 produced significantly
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more biomass than at salinity 10. The non-edible biomass in the semi-hydroponics system was
significantly higher at both salinities 35 than at salinity 10. In the mud-based substrate system,

non-edible biomass production was higher at salinity 35 than at salinities 10 and 20.
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Figure 3.3: Weight of total harvested plant biomass (g) from a) semi-hydroponics system and b) mud-based
substrate system, comparing the edible biomass (first and second cutting and remaining edible biomass)
(left, green bar) and non-edible biomass (stems) (right, orange bar) at different salinities (PSU) 10, 20, 35
and 35 w/o (without added fertiliser). Results are shown in mean +=SD (n = 3). Asterisk denotes significant
differences between semi-hydroponics and mud-based substrate production systems, placed on the lower
value. Capital letters indicate differences between salinities at edible biomass. Low case letters indicate
differences between non-edible biomass. No denotation means no differences. (Kruskal-Wallis; Dunn’s
post-hoc test, p < 0.05).

3.2 Proximate composition results

3.2.1 Moisture content

Moisture content (Figure 3.4) was determined for the biomass of the first (a) and second (b)
cuttings and the stems (c). Overall, significantly higher moisture content across all salinities was
observed in biomass from the mud-based system than from the first cutting and stems. Biomass
from the semi-hydroponics system had a significantly lower moisture content in all salinities than
those from plants grown in the mixture of mud with potting soil.

In the mud-based system of the second cutting, significant differences were found between
salinities. Biomass cultivated at salinity 20 in the mud-based system had significantly higher
moisture content than at salinities 35 and 35 w/o. Moreover, significant differences were found
when comparing the different production systems, as biomass obtained in the mud-based substrate

system in salinity 20 had a lower moisture content than the biomass from semi-hydroponics
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system. Additionally, biomass from salinity 35 w/o in the semi-hydroponics system also had a
lower moisture content.

The moisture content of the stems biomass showed significant differences in both production
systems and salinities. In the mud-based system, biomass from salinity 20 had higher moisture
content than biomass from salinities 35 and 35 w/o. Moreover, the moisture content in stems was

significantly lower at all salinities in the semi-hydroponics system.
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Figure 3.4: Moisture content (%) from a) first (week 3) and b) second (week 6) cutting and c) stems, each
comparing the semi-hydroponics system (left, blue bar) and mud-based substrate system (right, red bar) at
different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser). Results are shown in mean + SD
(n = 3). Asterisk denotes significant differences between semi-hydroponics and mud-based substrate
production systems, placed on the lower value. Capital letters indicate differences between salinities at
semi-hydroponics system. Low case letters indicate differences between mud-based substrate system. No
denotation means no differences. (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.2.2 Ash content
The ash content (Figure 3.5) was determined in biomass from the first cutting (a), second cutting

(b), stems (c) and roots (d). Comparing the overall productivity between production systems, the

22



biomass of the first cutting and the roots from the mud-based system had significantly higher ash
levels. In the biomass of the first cutting, both the semi-hydroponics system and the mud-based
system had significantly higher ash content in the salinities 35 and 35 w/o when compared with
salinity 10. Moreover, when comparing production systems in the biomass of the first cutting,
biomass at both salinities 35 had significantly lower ash content in the semi-hydroponics system.

In the semi-hydroponics system, biomass from the second cutting indicated that plants
cultivated at salinities 20 and 35 had significantly higher ash content than those from salinity 10.
In the mud-based substrate system, biomass from plants cultivated at both salinities 35 presented
significantly higher ash content than those from salinity 10. A significantly lower ash content was
detected in biomass from the second cutting of plants cultivated in the semi-hydroponics system
when compared to those in the mud-based system, except for salinity 20.

Biomass from the stems of plants cultivated in the semi-hydroponics system at salinity 35
had significantly higher ash content than those from salinity 10. In the mud-based system, however,
biomass from both salinity 35 and 35 w/o had higher ash content than biomass from salinity 10.
Overall, stems from the mud-based system had significantly lower ash content than those from the
semi-hydroponics system.

In the biomass of the roots, no differences were found between salinities in the semi-
hydroponics system. In the mud-based system, however, plants cultivated at salinity 35 w/o
showed significantly higher ash content than those from salinities 10 and 20. Furthermore, a
comparison of root biomass between the two production systems revealed that the ash content in

the semi-hydroponic system was lower than in the mud-based system at both salinity levels 35.
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Figure 3.5: Ash content (%) from a) first (week 3) and b) second (week 6) cutting, c) stems and d) roots,
each comparing the semi-hydroponics system (left, blue bar) and mud-based substrate system (right, red
bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser). Results are shown in mean
+ SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and mud-based substrate
production systems, placed on the lower value. Capital letters indicate differences between salinities at
semi-hydroponics system. Low case letters indicate differences between mud-based substrate system. No
denotation means no differences (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.2.3 Plant saltiness

The salty flavour test, a measure to indicate salt concentrations in solutions, was only performed
on the biomass of the second cutting (Figure 3.6). No significant differences were found between
the overall production systems. However, significant differences between production systems were
found at salinities 35 and 35 w/o, indicating lower saltiness in the semi-hydroponics system.
Between salinities, the salty flavour of biomass from salinity 10 was significantly lower than those
from salinities 35 and 35 w/o, in both systems. Moreover, in the semi-hydroponics system,

saltiness in biomass from salinity 20 was lower than at salinity 35.
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Figure 3.6: Saltiness of plants (mS/cm) from the second cutting (week 6), comparing the semi-hydroponics
system (left, blue bar) and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20,
35 and 35 w/o (without added fertiliser). Results are shown in mean = SD (n = 3). Asterisk denotes
significant differences between semi-hydroponics and mud-based substrate production systems, placed on
the lower value. Capital letters indicate differences between salinities at semi-hydroponics system. Low
case letters indicate differences between mud-based substrate system. No denotation means no differences.
(Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.2.4 Protein content
The protein content (Figure 3.7) was measured for the first cutting (a), second cutting (b), stems
(c) and roots (d). Comparing the overall productivity between production systems, in the second
cutting and in the roots biomass, biomass from the mud-based system had significantly higher
protein levels. Furthermore, in the first cutting, protein content in biomass from the semi-
hydroponics system at salinity 20 was significantly higher than in those from salinities 35 and 35
w/o. Additionally, biomass from salinity 10 also showed higher protein content than those from
salinity 35 w/o. In the mud-based system, similar to the semi-hydroponics system, biomass from
salinity 20 had higher protein content than those from both salinities 35. Moreover, comparing
production systems in the biomass of the first cutting, biomass from salinities 10, 35 and 35 w/o
had higher protein content in the semi-hydroponics system than in the mud-based system.

In the second cutting, protein content of biomass obtained in the semi-hydroponics system
was significantly higher at salinity 20 than both salinities 35. In the mud-based system, biomass
from salinity 20 had significantly higher protein content than biomass from salinity 35. Comparing

production systems in the biomass of the second cutting, biomass from the semi-hydroponics
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system had overall lower protein content at all salinities than biomass from plants grown in the
mud-based substrate system

Regarding stems, biomass from plants cultivated in salinity 20 of the semi-hydroponics
system had a higher protein content than those from salinity 35. In the mud-based system, biomass
at salinity 20 had significantly higher protein content than at both salinities 35. Moreover, the
comparison between production systems in the stems showed that the protein content was
significantly lower in the semi-hydroponics system at salinity 20.

In the roots, the semi-hydroponics system at salinity 10 resulted in biomass with a
significantly higher protein content than biomass from salinity 35. In the mud-based system, a
higher protein content was observed in plants cultivated at salinities 20 and 35 compared to plants
cultivated at salinity 35 w/o. Comparing roots obtained in both production systems, observed was
that the protein content was significantly lower in biomass from the semi-hydroponics system at

salinity 35.
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Figure 3.7: Protein content (% DW) in a) first (week 3) and b) second (week 6) cutting, ¢) stems and d)
roots, each comparing the semi-hydroponics system (left, blue bar) and mud-based substrate system (right,
red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser). Results are shown in
mean = SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and mud-based
substrate production systems, placed on the lower value. Capital letters indicate differences between
salinities at semi-hydroponics system. Low case letters indicate differences between mud-based substrate
system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.3 Mineral content results

Mineral content was determined using dilutions from the stock solution. All minerals, apart from
sodium and phosphorus, were determined by use of a single dilution. Values from minerals sodium
and phosphorus were determined using two or more dilutions. If not mentioned specifically in text,
dilution of 1:10 was used. Tables of full overview of mineral contents in first cutting, second
cutting, stems and roots biomass can be seen in Table 3.1, Table 3.2, Table 3.3 and Table 3.4,
respectively. Minerals selenium (Se), cadmium (Cd) and cobalt (Co) were not detected in any of

the biomasses.
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Table 3.1: Mineral contents of biomass from the first cutting of S. ramosissima, comparing the semi-hydroponics system (left) and mud-based

substrate system (right) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser).

Hydroponics Mud
Minerals/
Salinity 10 PSU 20 PSU 35 PSU 35 PSU w/o 10 PSU 20 PSU 35 PSU 35 PSU w/o
Ca (mg/g) 6.44 +0.39" 6.53+0.13" 6.35+0.33 6.70 £ 0.16 10.80 + 2.142 10.72 + 0.20%¢ 5.71 +0.20 5.85 + 0.17°
K (mg/g) 12.52 + 0.44% 16.91 + 0.528 14.67 + 0.85%8" 16.98 + 0.098 16.18 + 0.60? 18.10 + 0.31° 18.34 + 0.36° 17.07 £ 0.63%®
Mg (mg/g) 7.01 +£0.30%" 7.42 + 0.24AF" 6.84 + 0.294" 8.87 £ 0.11°" 12.03 + 3.96% 16.04 +0.732 9.81 +0.28° 9.78 + 0.44°
Na (mg/g) 198.55 + 3.46"%  230.30 £ 17.30A 42.81 +19.31%" 38.08 +2.118" 47.88 + 3.88"" 62.47 + 3.88%" 248.29 + 27.24%  266.37 £ 0.592
P (mg/g) 2.24 +0.167 2.22 +0.19%" 1.55 + 0.025" 1.64 + 0.15%8 1.76 + 0.04a" 4.18 £ 0.61° 1.71+£0.11% 1.28 + 0.09”"
Se (ng/g) nd nd nd nd nd nd nd nd
Zn (pg/g) 31.02+£0.85%8  44.41+1.12~ 22.78 + 0.498" 21.49 +2.18%" 34.58 + 2.76% 42.83 + 0.40%" 27.84 +0.29° 28.39 + 1.06°
Cd (ng/g) nd nd nd nd nd nd nd nd
Cu (pg/g) 9.50 + 1.28"8 12.48 + 1.254 7.66 + 0.9548 4.88 + 0.33%" 7.55 + 0.61%" 9.14 + 1.14* 6.99 + 0.89° 8.24 + 0.55%
Ni (ng/g) 0.50 + 0.07A 0.80+0.128 0.38+0.14A 0.63 + 0.06"8 0.26 £ 0.232 0.62 + 0.04 0.42 +0.01%® 0.46 + 0.08%"
Co (ng/g) nd nd nd nd nd nd nd nd
Pb (ng/g) 8.50 + 0.36” 8.28 + 0.274B 6.86 + 0.428C 6.55 + 0.31¢" 6.57 + 0.41%" 7.06 £ 0.33%" 7.37 £0.37%® 7.41 £ 0.47°
Mn (ng/g) 359.70 £ 6.20°  349.74 +30.57°8 234,78 + 27.87C  220.22 +11.16°" | 360.38 + 11.28% 258.62 + 3.27°"  240.83+5.30°  281.45 + 8.35%
Cr (ng/g) 0.65 + 0.02~ 0.64 +0.11A 0.39 + 0.158" 0.53 + 0.06"B 0.66 + 0.012 0.39 +£0.01°" 0.58 + 0.04%¢ 0.46 = 0.03%¢
Fe (ng/g) 194.11 +3.924"  136.40 + 2.83AB  113.31 +13.308¢" 87.56 + 8.09¢" 204.5 £ 2,512 127.69 + 2.38" 144.02 £5.99%°  126.98 + 2.26P

nd — Not detected. Results are shown in mean = SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and
mud-based substrate production systems, placed on the lower value. Capital letters indicate differences between salinities at semi-
hydroponics system. Low case letters indicate differences between mud-based substrate system. No denotation means no differences.
(Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).
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Table 3.2: Mineral contents of biomass from the second cutting of S. ramosissima, comparing the semi-hydroponics system (left) and mud-based

substrate system (right) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser).

Hydroponics Mud
Minerals/

Salinity 10 PSU 20 PSU 35 PSU 35 PSU w/o 10 PSU 20 PSU 35 PSU 35 PSU wi/o
Ca (mg/g) 5.17 £ 0.107 4.89 +0.0778 4.55 + 0.065" 4.67 £0.11%" 5.48 + 0.30% 4.74 £0.232 5.99 + 0.39° 5.33 £ 0.16%
K (mg/g) 15.39 + 0.404 19.58 +0.148 19.38 £ 0.2478 19.88 £ 0.478 15.38 + 1.262 17.21 +1.08%" 19.03 +1.16° 17.38 + 0.29%"
Mg (mg/g) 8.36 + 0.28"" 9.31+0.208 8.28 £ 0.16*" 8.76 £ 0.1878" 9.30 + 0.25% 10.21 + 0.66% 12.80 + 0.65P 12.49 + 0.34°
Na (mg/g) 149.26 + 23.81%" 23452 £ 25,6178 141.23 + 13.82%" 332.74 £ 26.16" | 266.73 £19.29° 279.29 + 16.89°  294.59 + 15.18%  332.33 + 6.23?
P (mg/g) 2.13 + 0.05"8* 2.20 £ 0.018" 1.96 + 0.03A¢ 1.83+0.07¢ 6.47 +0.22° 5.78 + 0.36% 2.47 +0.010° 2.03 +0.25¢
Se (ng/g) nd nd nd nd nd nd nd nd
Zn (pg/g) 26.31 + 0.694B" 36.07 + 0.564" 24.92 +0.158 26.20 + 0.35%8 36.97 £ 0.57% 44.71 £ 1.40° 25.85 + 3.77° 25.94 + 4.36°
Cd (png/g) nd nd nd nd nd nd nd nd
Cu (pg/g) 6.93 + 0.494" 9.70 + 0.14°" 9.54 + 0.4478 9.70 + 1.0178 11.64 +0.16% 1552 + 1.51° 10.40 + 0.612¢ 8.65 +0.31¢
Ni (ug/g) 0.78 + 0.14~" 1.53+0.17%" 1.04 £ 0.0748 1.16 £ 0.1278 1.48 +0.14% 1.90 £0.122 1.05 +0.02° 1.13+0.07°
Co (ng/g) nd nd nd nd nd nd nd nd
Pb (ng/g) 7.12+0.23" 7.34+0.34 7.10+0.33 7.59 +0.58 7.58 +0.08 7.15+0.19 7.55+0.24 7.25+0.35
Mn (pg/g) 171.64 + 3.37A8" 182.21 +£6.73A 136.76 + 4.295" 169.75 £ 5.57A8 | 200.07 + 4.642 188.69 +3.952®  173.71+2.12%¢  144.14 +8.40¢
Cr (ng/g) 0.58 + 0.02B%" 1.32 +0.10%" 0.35 + 0.045" 0.99 + 0.03A¢" 2.09 £ 0.06% 3.99+0.14° 1.70 £ 0.05° 2.16 £ 0.20%®
Fe (ng/g) 71.97 + 2.8548" 80.95 + 2.914 67.49 + 6.318" 68.17 + 0.938" 233.48 +2.46%  302.74 + 2.80? 22497 +8.81%  171.32 +6.86"

nd — Not detected. Results are shown in mean + SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and
mud-based substrate production systems, placed on the lower value. Capital letters indicate differences between salinities at semi-
hydroponics system. Low case letters indicate differences between mud-based substrate system. No denotation means no differences.
(Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).
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Table 3.3: Mineral contents of biomass from the stems of S. ramosissima, comparing the semi-hydroponics system (left) and mud-based substrate
system (right) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser).

Hydroponics Mud
Minerals/
Salinity | 4 pgy 20 PSU 35 PSU 35 PSU wio 10 PSU 20 PSU 35 PSU 35 PSU wio
Ca (mg/g) 6.01 + 0.64"" 6.80 + 0.36%B" 6.77 £ 0.1378" 6.92 + 0.24%" 797 +£0.73 8.00 £ 0.28 7.69+0.42 8.19+£0.10
K (mg/g) 18.13 £ 1.76~ 19.68 £ 0.7148 20.65 + 0.268 20.38 + 0.5248 1791 +2.25 16.05 + 0.37" 16.24 + 0.58" 16.46 + 0.14"
Mg (mg/g) 8.47 + 0.52#" 9.45 + 0.3678" 10.19 + 0.158" 9.95 + 0.28A8" 10.96 + 0.902 11.77 £ 0.94% 12.44 + 0.55% 12.80 +0.27°
Na (mg/g) 276.96 + 44.994 203.70 £ 9.158 253.11 + 18.6948 n/a n/a n/a n/a n/a
P (mg/qg) 1.75 + 0.03”B 1.88 +0.068 1.67 +0.04AC 0.88 + 0.05¢" 1.04 + 0.02" 1.65+0.32° 1.21 + 0.05%¢" 1.33 + 0.04%¢
Se (ug/g) nd nd nd nd nd nd nd nd
Zn (png/g) 31.22 + 0.647B" 37.38 £ 1.524" 31.32+1.7178 27.63 + 2.598* 39.20 + 3.82% 47.98 £5.152 33.72 £5.07° 32.86 + 0.02°
Cd (ng/g) nd nd nd nd nd nd nd nd
Cu (pg/g) 6.67 + 0.82/8" 7.30 + 1.45% 7.02 +0.28%" 5.11 +0.228" 14.86 +£ 0.13% 16.88 £ 1.022 12.01 +0.68° 11.89 + 1.02%
Ni (ug/g) 0.77 £ 0.21~" 0.88 + 0.05~" 1.40 +0.078 0.94 + 0.04"8 2.24 +0.03% 3.49+0.17° 0.89 +0.13%" 0.53 + 0.04%
Co (ng/g) nd nd nd nd nd nd nd nd
Pb (ng/g) 5.46 £ 0.73 5.68 +0.87 6.33 £ 0.63 6.09 + 0.19" 6.11 + 0.42% 4.83+0.172 7.19 +0.20° 6.86 +0.17%¢
Mn (pg/g) 66.59 + 3.6048" 70.65 + 4.054 58.49 + 1.158 67.5+1.13/8 74.75 £ 0.652 73.90£1.772 48.00 + 0.83" 54.42 + 0.45%"
Cr (pg/g) 1.02 + 0.08~* 0.98 + 0.06~ 2.85+0.078* 1.39 + 0.0248* 6.24 + 0.06% 8.17 +0.33 3.49 +0.12%¢ 2.81 +0.04¢
Fe (ng/g) 60.51 + 0.29~" 67.97 + 2.528" 67.72 + 0.57%" 61.59 + 2.2AB" 755.92 +17.142  908.02 + 25.00P 725.23 + 57.642  857.54 + 38.692"

nd — Not detected, and n/a — Not attached. Results are shown in mean = SD (n = 3). Asterisk denotes significant differences between
semi-hydroponics and mud-based substrate production systems, placed on the lower value. Capital letters indicate differences between
salinities at semi-hydroponics system. Low case letters indicate differences between mud-based substrate system. No denotation means
no differences. (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).
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Table 3.4: Mineral contents of biomass from the roots of S. ramosissima, comparing the semi-hydroponics system (left) and mud-based substrate
system (right) at different salinities (PSU) 10, 20, 35 and 35 w/o (without added fertiliser).

Hydroponics Mud
Minerals/

Sl 10 PSU 20 PSU 35 PSU 35 PSU w/o 10 PSU 20 PSU 35 PSU 35 PSU w/o
Ca (mg/g) 4.21+0.16~" 5.30 £ 0.248" 4.76 + 0.36"8 5.38 £ 0.098 5.65 + 0.50% 7.00 £0.212 4,50 £ 0.07° 4.25+0.41"
K (mg/g) 13.11 + 0.56AB" 7.54 + 0.424" 15.41 + 1.21B" 15.28 + 0.19%" 15.01 + 1.26% 11.70 £ 0.38P 20.51 £ 0.422 19.52 +1.482
Mg (mg/g) | 4.68 +0.167 5.00 + 0.3018 5.33 +0.458 497 +0.1178 5.33+0.51 548 +£0.19 5.42 £0.10 5.16 £ 0.42
Na (mg/g) 80.90 + 7.21A 69.55 + 3.67A8" 87.83 £ 2.294" 24.48 £ 0.438" 78.34 + 5.69° 89.08 + 2.72% 104.52 + 2.182 89.33 + 1.68%
P (mg/qg) 7.27 £ 0.347 5.90 + 0.5348" 2.47 +0.015" 5.09 + 0.5648" 7.81+0.28 8.13 +£0.51% 9.11 +0.51° 8.76 + 0.20%
Se (ug/g) nd nd nd nd nd nd nd nd
Zn (pg/g) 79.68 + 1.704" 112.03 + 1.567B 115.40 + 3.928 119.58 + 0.958 87.55+ 1.01° 100.27 + 1.47%" 96.25 + 0.92%" 83.73 £ 2.61*"
Cd (ng/g) nd nd nd nd nd nd nd nd
Cu (ng/g) 22.32 £ 0.68%" 27.90 + 0.67A¢" 45.96 + 1.365%" 37.43 £ 0.57B¢ 49.31 +0.71® 48.68 + 1.25% 50.19 £ 0.30? 37.93+0.31°
Ni (ng/g) 5.41 +0.078¢ 11.43 +£0.08* 7.36 £ 0.4178 4.67 +0.05° 6.70 £ 0.10% 7.48+0.18%" 6.71 + 0.05%" 2.64 +0.02
Co (ng/g) nd nd nd nd nd nd nd nd
Pb (ng/g) nd nd nd nd nd nd nd nd
Mn (pg/g) 40.68 + 0.82A8" 51.25 + 1.538" 32.06 +1.79¢ 34.96 + 0.36°¢" 64.85 + 1.10% 64.36 + 2.34% 54.81+0.732 70.55 + 0.82°
Cr (ng/g) 2.40 +£0.10~" 14.84 + 0.508 9.05 + 0.545¢ 6.76 + 0.06A¢" 11.29 + 0.36% 7.60 + 0.32°" 9.11+0.34%® 18.37 £ 0.49°
Fe (ng/g) 499.28 + 16.73~"  699.98 + 2.52AC"  883.03 + 35.155"  730.17 £ 1.078C" | 1773.64 +45.76* 1176.48 + 16.61° 1297.52 + 70.42%  2322.17 + 66.44°

nd — Not detected. Results are shown in mean + SD (n = 3). Asterisk denotes significant differences between semi-hydroponics and
mud-based substrate production systems, placed on the lower value. Capital letters indicate differences between salinities at semi-
hydroponics system. Low case letters indicate differences between mud-based substrate system. No denotation means no differences.
(Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).
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3.3.1 Calcium (Ca)

No significant differences were observed in the Ca content of biomass from the first cutting
between salinities, in the semi-hydroponics system. In the mud-based system, however, biomass
from salinity 35 showed a significantly higher level of Ca, when compared to biomass at salinities
10 and 20. Additionally, biomass collected from plant grown at salinity 35 w/o also showed a
significantly higher Ca content than biomass at salinity 10. Across the production systems, biomass
from salinities 10 and 20 showed significantly lower Ca content in the semi-hydroponics system,
whereas at both salinity levels of 35, Ca content was significantly lower in the mud-based system.

In the second cutting, salinity 10 exhibited significantly higher Ca content compared to
both salinity 35 levels in the semi-hydroponics system. In the mud-based system, salinity 35 had
significantly higher Ca content than salinity 20. Additionally, when comparing production systems,
biomass at both salinity 35 levels showed significantly lower Ca content in the semi-hydroponics
system compared to the mud-based system.

In the stem biomass, salinity 35 w/o had higher Ca content compared to salinity 10 in the
semi-hydroponics system, while the mud-based system showed no significant differences in Ca
levels between salinities. When comparing production systems, salinities 10, 35, and 35 w/o all
exhibited lower Ca content in the semi-hydroponics system than in the mud-based system.

Finally, regarding the root biomass, salinities 20 and 35 w/o had significantly lower Ca
content compared to salinity 10 in the semi-hydroponics system. In the mud-based system, salinity
20 showed significantly higher Ca content than both salinity 35 levels. Comparing the two
production systems, Ca content in salinities 10 and 20 was significantly lower in the semi-
hydroponics system compared to the mud-based system. However, for salinity 35 w/o, the semi-

hydroponics system exhibited significantly higher Ca level.

3.3.2 Potassium (K)
In the first cutting, the K levels in biomass from salinities 20 and 35 w/o were significantly higher
than from salinity 10. In the mud-based system, biomass from salinity 20 and 35 had higher K
content than salinity 10. Overall, the K levels in biomass from the semi-hydroponics system were
significantly lower than in the mud-based system.

Similar to the first cutting, in the second cutting biomass from salinities 20 and 35 w/o had

significantly higher K content than salinity 10, in the semi-hydroponics system. In the mud-based
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system, salinity 35 had significantly higher K content than salinity 10. Comparing production
systems, biomass in salinities 20 and 35 w/o showed significant lower K content compared to the
semi-hydroponics system.

Regarding stems, biomass from salinity 35 in the semi-hydroponics system was richer in
K compared with biomass from salinity 10. No significant differences were found between
salinities in the K content of biomass from the mud-based system. The mud-based system,
however, had a significantly lower K content in salinities 20, 35 and 35 w/o, when compared to
the semi-hydroponics.

Finally, for roots, biomass from both salinities 35 had higher K content than biomass from
salinity 20, in the semi-hydroponics system. The mud-based system showed a similar tendency,
where both salinities 35 had higher content than both salinity 20. Biomass from all salinities of the

semi-hydroponics system had significantly lower K content than the mud-based system.

3.3.3 Magnesium (Mg)

In the first cutting, the Mg content was significantly higher in salinity 35 w/o than salinities 10 and
20, in the semi-hydroponics system. In the mud-based system, biomass from salinity 20 had
significantly higher Mg content compared to both salinities 35. Moreover, in the semi-hydroponics
system of the first cutting all salinities provided biomass with a significant lower Mg content than
the mud-based system.

In the second cutting, biomass from the semi-hydroponics system at salinity 20 had
significantly higher Mg content than salinities 10 and 35. In the mud-based system, both salinities
35 provided significantly higher Mg content compared to salinity 10. When comparing production
systems, biomass from salinities 10, 35 and 35 w/o from the semi-hydroponics system had
significantly lower Mg content than the mud-based system.

In the biomass of the stems, the semi-hydroponics system at salinity 35 resulted in a higher
Mg content than salinity 10. In the mud-based system, biomass from salinity 35 w/o had higher
Mg content than salinity 10. Comparing production systems, biomass from all salinities of the
semi-hydroponics system had lower Mg content than the mud-based system.

Regarding roots biomass of the roots from the semi-hydroponics system, salinity 35
resulted in a higher Mg level than salinity 10. No significant differences were found between

salinities in the mud-based system, and none between production systems either.
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3.3.4 Sodium (Na)

In the first cutting, the Na content was significantly higher in salinity 20 than both salinities 35 in
the semi-hydroponics system. Moreover, salinities 35 of the mud-based system resulted in a higher
Na content than salinity 10. Comparing production systems, a lower Na content was observed in
biomass from in salinities 10 and 20 from the mud-based system and in both salinities 35 for the
semi-hydroponics system.

Biomass from the second cutting showed a significantly higher Na content at salinity 35
w/o of the semi-hydroponics system compared to salinities 10 and 35. In the mud-based system, a
significantly higher Na content was observed for salinity 35 w/o when compared to salinities 10
and 20. Comparing production systems, a significantly lower Na content at salinities 10 and 35
was observed in the semi-hydroponics system, when compared to the mud-based system.

The Na level analysis in the biomass of the stems could only be performed for plant
biomass cultivated at salinities 10, 20 and 35 of the semi-hydroponics system. Nonetheless, these
results showed that Na content was significantly higher in salinity 10 than in salinity 35.

The biomass of the roots was analysed with dilution 1:100 for salinity 35 w/o. All the other
biomass salinity treatments were analysed with dilution 1:1000. A significantly higher Na content
was detected in the roots biomass from salinity 35 when compared to salinities 10 and 35 w/o in
the semi-hydroponics system. Biomass from salinity 35 in the mud-based system had a higher Na
content than from salinity 10. Overall, a significantly lower Na content was observed in biomass

from the semi-hydroponics system in salinities 20, 35 and 35 w/o.

3.3.5 Phosphorus (P)
The P content in the first cutting was higher in the semi-hydroponics system for salinities 10 and
20, when compared to salinity 35. In the mud-based system, biomass from salinity 20 had a
significant higher P content than salinity 35 w/o. Comparing production systems, biomass from
salinities 20 and 35 of the semi-hydroponics system, and salinities 10 and 35 w/o the mud-based
system, had significantly lower P content.

In the second cutting, biomass from the semi-hydroponics system in salinity 20 had a
higher P content, than both salinities 35. Moreover, biomass from salinity 10 was richer than
biomass from salinity 35 w/o. In the mud-based system, salinity 10 had significantly higher P

content compared to both salinities 35. Also, salinity 20 had significantly higher content than
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salinity 35 w/o. When comparing production systems, salinities 10, 20 and 35 showed lower P
content in the semi-hydroponics system than the mud-based system.

Regarding stems biomass, the P content was significantly higher in salinities 10 and 20
when compared with salinity 35 w/o0. Additionally, biomass from salinity 20 had a higher content
of P than salinity 35. In the mud-based system, salinity 20 showed significantly higher P content
compared to salinities 10 and 35, and at salinity 35 w/o it observed a higher phosphorus content
than at salinity 10. The comparison between production systems showed that salinities 10 and 35
had significantly lower P content in the mud-based system, and salinity 35 w/o significantly lower
content in the semi-hydroponics system.

The roots biomass showed significantly higher P content at salinity 10 of the semi-
hydroponics system when compared to salinity 35. Significantly higher P content in the mud-based
system was found at salinity 35 than at salinity 10. The comparison of both production systems
showed that salinities 20, 35 and 35 w/o had significantly lower phosphorus content than those of

the mud-based system.

3.3.6 Zinc (Zn)

Zinc content in the first cutting of both the semi-hydroponics system and mud-based system was
significantly higher at salinity 20 than at both salinities 35. Comparing both production systems,
significantly lower content at salinity 20 of the mud-based system and at salinity 35 of the semi-
hydroponics system was found.

In the second cutting, biomass from the semi-hydroponics system had a higher Zn content
at salinity 20 than at salinity 35. In the mud-based system, biomass from salinity 20 had
significantly higher Zn content than both salinities 35. Furthermore, when comparing production
systems, biomass from salinities 10 and 20 of the semi-hydroponics system had significantly lower
Zn content than those of the mud-based system.

The stems biomass from salinity 20 had significantly higher Zn content than from salinity
35 w/o in the semi-hydroponics system. The mud-based substrate system resulted in biomass richer
in Zn at salinity 20, than at salinity 35 and 35 w/o. The comparison between production systems
showed that the semi-hydroponics system had lower Zn content than the mud-based system at

salinities 10, 20 and 35 w/o.
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The analysis of roots biomass indicated that both salinities 35 showed significantly higher
Zn content than salinity 10 in the semi-hydroponics system. The mud-based system provided
higher Zn contents at salinity 20 compared to salinities 10 and 35 w/o. The comparison of the two
production systems in the roots showed significantly lower Zn content at salinity 10 in the semi-

hydroponics system, and at salinities 20, 35 and 35 w/o in the mud-based system.

3.3.7 Copper (Cu)

The copper content in biomass from the first cutting was significantly higher at salinity 20 than at
salinity 35 w/o in the semi-hydroponics system. In the mud-based system, biomass from salinity
20 had a significantly higher Cu content than salinity 35. When comparing both production
systems, it was observed that salinities 10 and 20 of the mud-based system resulted in biomass
with significantly lower Cu content than the same salinities in the semi-hydroponics system.

The analysis of the second cutting showed significantly higher Cu content at salinity 20
than salinity 10 in the semi-hydroponics system. The mud-based system had significantly higher
Cu content at salinity 20 compared to both salinities 35. Moreover, salinity 10 had significantly
higher Cu content than salinity 35 w/o. The comparison between production systems showed
significantly lower Cu levels at salinities 10 and 20 in the semi-hydroponics system and salinity
35 w/o in the mud-based system.

The analysis of stems biomass indicated significantly higher Cu content at salinities 20 and
35 compared to salinity 35 w/o in the semi-hydroponics system. Biomass from the mud-based
system at salinity at 20 had a significantly higher Cu content at both salinities 35. Furthermore, the
comparison between production systems indicated that in the semi-hydroponics system biomass
from all salinities had significantly lower Cu content than in the mud-based system.

The analysis of the roots biomass showed significantly higher Cu content at salinity 35
than at salinities 10 and 20, in the semi-hydroponics system. Aside of that, salinity 35 w/o also had
significantly higher content than salinity 10. In the mud-based system, salinity 35 had significantly
higher Cu content than salinity 35 w/o. Moreover, the comparison between production systems
showed that salinities 10, 20 and 35 from the semi-hydroponics system had significantly lower Cu

content than those of the mud-based system.
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3.3.8 Nickel (Ni)

Nickel content in the first cutting was significantly higher at salinity 20 than at salinities 10 and
35 in the semi-hydroponics system. The analysis of the mud-based substrate system indicated that
the Ni content at salinity 20 was significantly higher than at salinity 10. The comparison between
production systems showed that salinities 20 and 35 w/o in the mud-based system had significantly
lower Ni content than those in the semi-hydroponics system.

The second cutting showed significantly higher Ni content at salinity 20 than at salinity 10
from the semi-hydroponics system. In the mud-based system, Ni content at salinity 20 was
significantly higher than at both salinities 35. Moreover, comparing of the production systems,
both salinities 10 and 20 on the semi-hydroponics system had significantly lower Ni content than
on the mud-based system.

The analysis of stems biomass indicated that the Ni content was significantly higher at
salinity 35 than salinities 10 and 20 in the semi-hydroponics system. In the mud-based system, Ni
content was significantly higher at salinity 20 than both salinities 35. Additionally, salinity 10 also
showed higher content than salinity 35 w/o. Comparing production systems, the semi-hydroponics
system had significantly lower Ni content at salinities 10 and 20 than in the mud-based system.
For salinities 35 and 35 w/o, this was reversed. In these salinities the mud-based system provided
significantly lower Ni content than the semi-hydroponics system.

The biomass of the roots had a significantly higher Ni content in salinity 20 compared to
salinities 10 and 35 w/o in the semi-hydroponics system. Additionally, biomass from salinity 35
also had higher Ni content than salinity 35 w/o. The mud-based system had significantly higher
content in salinity 20 than salinity 35 w/o. Comparing production systems, salinity 10 in the semi-
hydroponics system showed lower nickel content than the mud-based system. For salinities 20, 35
and 35 w/o, the mud-based system provided significantly lower Ni content than the semi-

hydroponics system.

3.3.9 Lead (Pb)

Lead content in the first cutting showed significances in both production systems. In the semi-
hydroponics system, salinity 10 had higher Pb content than both salinities 35, and salinity 20 had
also higher content than salinity 35 w/o. In the mud-based substrate system, salinity 35 w/o had

significantly higher Pb content than salinity 10. Comparing both production systems, salinities 10
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and 20 had lower Pb content in the mud-based system and salinity 35 w/o had lower Pb content in
the semi-hydroponics system.

In the second cutting, no significant differences were found between salinities in the
production systems. Between production systems however, salinity 10 of the semi-hydroponics
system had significantly lower Pb content than the mud-based system.

The stems biomass showed no significant differences between salinities in the semi-
hydroponics system. The mud-based system however, showed that salinity 35 had significantly
higher Pb content than salinities 10 and 20, and salinity 35 w/o had also higher Pb content than
salinity 20. Comparing production systems, the semi-hydroponics system had significantly lower
Pb content in salinity 35 w/o than the mud-based system. Furthermore, the roots biomass had no

values detected.

3.3.10 Manganese (Mn)

Manganese content in the first cutting showed that biomass from salinity 10 of the semi-
hydroponics system had significantly higher Mn content than both salinities 35, and that those
from salinity 20 had also higher content than salinity 35 w/o. In the mud-based system, biomass
from salinity 10 had significantly higher Mn content than salinities 20 and 35, and salinity 35 w/o
also had higher content than salinity 35. Comparing production systems, salinity 20 in the mud-
based system and salinity 35 w/o in the semi-hydroponics system showed significantly lower Mn
content.

Biomass from the second cutting at salinity 20 of the semi-hydroponics system had
significantly higher Mn content than salinity 35. In the mud-based system, salinity 10 had
significantly higher content compared to both salinities 35. Additionally, biomass at salinity 20
also had higher Mn content than salinity 35 w/o. Comparing both production systems in the second
cutting, salinities 10 and 35 of the semi-hydroponics system, and salinity 35 w/o of the mud-based
system had significantly lower manganese content.

Regarding stems, a significantly higher Mn was observed in salinity 20 than salinity 35 in
the semi-hydroponics system. Moreover, in the mud-based system, salinities 10 and 20 had
significantly higher content than salinity 35. When comparing the two production systems, the
semi-hydroponics system had significantly lower Mn content in salinities 10, 35 and 35 w/o than

the mud-based system.
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Roots biomass had significantly higher content in salinity 20 than both salinities 35 in the semi-
hydroponics system. Additionally, biomass from salinity 10 also had higher Mn content than
salinity 35. The mud-based system had significantly higher content in salinity 35 w/o compared to
salinity 35. The comparing of production systems indicated that all salinities of the semi-

hydroponics system had lower Mn content than those of the mud-based system.

3.3.11 Chromium (Cr)

Chromium content in the first cutting was significantly higher in salinities 10 and 20 of the semi-
hydroponics system than in salinity 35. In the mud-based system, biomass from salinity 10 had
significantly higher Cr content than salinities 20 and 35 w/o. Additionally, biomass from salinity
35 also had higher content than salinity 20. Comparing both production systems, biomass from
salinity 20 in the mud-based system, and biomass from salinity 35 in the semi-hydroponics system,
had significantly lower Cr content.

Biomass from the second cutting at salinity 20 of the semi-hydroponics system had
significantly higher Cr content than salinities 10 and 35, and salinity 35 w/o had higher content
than salinity 20. In the mud-based system, biomass from salinity 20 had significantly higher Cr
content than salinity 35. Moreover, the comparison of both production systems indicated that all
salinities of the semi-hydroponics system had significantly lower Cr content than those of the mud-
based substrate system.

The stems biomass had significantly higher Cr content in salinity 35 than salinities 10 and
20 in the semi-hydroponics system. In the mud-based system, biomass from salinity 20 had
significantly higher content than both salinities 35, and salinity 10 also had higher content than
salinity 35 w/o. Comparing both production systems, biomass from all salinities in the semi-
hydroponics system had significantly lower Cr content than the mud-based system.

Regarding roots, biomass from salinity 20 of the semi-hydroponics system had
significantly higher Cr content than salinities 10 and 35 w/o, where salinity 35 had also higher
content than salinity 10. In the mud-based system, biomass from salinity 35 w/o had significantly
higher Cr content than salinities 20 and 35, where salinity 10 also had higher content than salinity
20. When comparing both production systems, observed was that biomass from salinities 10 and
35 w/o of the semi-hydroponics system and salinity 20 of the mud-based system had significantly

lower Cr content.
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3.3.12 Iron (Fe)

Iron content in the first cutting from salinity 10 of the semi-hydroponics system was significantly
higher than both salinities 35, while biomass from salinity 20 had also higher Fe content than
salinity 35 w/o. In the mud-based system, biomass from salinity 10 had significantly higher Fe
content than salinities 20 and 35 w/o. When comparing both production systems, the semi-
hydroponics system had significantly lower Fe content in salinities 10, 35 and 35 w/o, and the
mud-based system had significantly lower content in salinity 20.

In the second cutting, biomass from the semi-hydroponics system at salinity 20 had
significantly higher Fe content than both salinities 35. In the mud-based system, biomass from
salinity 20 had significantly higher content than salinity 35 w/o. Comparing both production
systems, biomass produced in the semi-hydroponics system had lower Fe content in all salinities
compared to the mud-system.

Stems biomass had significantly higher Fe content in salinities 20 and 35 than salinity 10
in the semi-hydroponics system. In the mud-based system, biomass from salinity 20 had
significantly higher Fe content than salinities 10 and 35. Moreover, comparing of both production
systems showed that biomass from the semi-hydroponics system had lower Fe content in all
salinities compared to the mud-system.

Biomass of the roots had significantly higher Fe content in salinity 35 than salinities 10 and
20 in the semi-hydroponics system. Aside of that, salinity 35 w/o also had significantly higher
content than salinity 10. Furthermore, the mud-based system at salinity 35 w/o resulted in biomass
with a significantly higher Fe content than salinities 20 and 35. Additionally, biomass from salinity
10 also had higher content than salinity 20. Comparing both production system, the semi-
hydroponics system produced biomass with a lower Fe content in all salinities compared to the

mud-system.
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3.4 Bioactive compounds results

3.4.1 Total phenolics content (TPC)

TPC (Figure 3.8) was determined for the first cutting (a), second cutting (b), stems (c) and roots
(d). Comparing overall productivity between production systems, the biomass from the second
cutting had significantly higher TPC in the semi-hydroponics system than in the mud-based
system. In the semi-hydroponics system, biomass from salinities 10 and 35 w/o had significantly
higher TPC than salinities 20 and 35. Biomass from the mud-based system at salinities 10, 20 and
35 w/o had significantly higher TPC than the salinity 35. Furthermore, comparing production
systems from the biomass of the first cutting showed that lower TPC was observed in biomass
from the first cutting in the mud-based system at salinity 35.

In the second cutting, the TPC of biomass from salinity 10 was significantly higher than
salinity 35 w/o in the semi-hydroponics system. Moreover, no differences were found when
comparing production systems in the second cutting.

In the stems, biomass from salinity 35 w/o had significantly higher TPC than salinities 20
and 35 in the semi-hydroponics system. In the mud-based system, biomass from salinity 10 had
significantly higher TPC than salinities 35 and 35 w/o. Additionally, significant differences were
found between the production systems in the stems. These included lower TPC at salinity 10 in the
semi-hydroponics system, and lower TPC at both salinities 35 in the mud-based system.

Finally, in the biomass of the roots, the semi-hydroponics system showed significant
differences between salinities, where salinities 10 and 35 had significantly higher TPC than
salinities 20 and 35 w/o. Moreover, comparing overall production systems in the roots biomass

showed that salinity 20 in the semi-hydroponics system provided a significantly lower TPC.
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Figure 3.8: TPC of methanol extracts made from biomass of S. ramosissima from a) first (week 3) and b)
second (week 6) cutting, ¢) stems and d) roots, each comparing the semi-hydroponics system (left, blue bar)
and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without
added fertiliser). Results are shown in mean £+ SD (n = 6). Asterisk denotes significant differences between
semi-hydroponics and mud-based substrate production systems, placed on the lower value. Capital letters
indicate differences between salinities at semi-hydroponics system. Low case letters indicate differences
between mud-based substrate system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-
hoc test, p < 0.05).

3.4.2 Total flavonoid content (TFC)

TFC (Figure 3.9) was determined for the first cutting (a), second cutting (b), stems (c) and roots
(d). Comparing overall productivity between production systems, both the first and second cuttings
showed significant differences in the production system. In the first cutting, the mud-based system
had higher TFC, while in the second cutting, the semi-hydroponics system had higher TFC. In the
biomass of the first cutting of the semi-hydroponics system, salinity 20 had higher TFC than
salinities 35 and 35 w/o. Moreover, biomass from salinity 10 showed significantly higher TFC
when compared to salinity 35 w/o. In the mud-based system, biomass from salinity 10 had

significantly higher TFC than salinities 20 and 35. Aside of that, biomass from salinity 35 w/o also
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showed higher TFC than salinity 20. Comparing production systems in the first cutting showed
lower TFC at salinities 10, 35 and 35 w/o in the semi-hydroponics system and at salinity 20 in the
mud-based system

In the second cutting, biomass from salinities 35 and 35 w/o had higher TFC than salinity
10 in the semi-hydroponics system. Additionally, biomass cultivated at salinity 35 w/o also had
higher TFC than salinity 20. Comparing production systems in the second cutting showed lower
TFC at salinity 10 in the semi-hydroponics system and at salinities 20, 35 and 35 w/o in the mud-
based system

Stems biomass from the semi-hydroponics system salinity 35 w/o had higher TFC
compared to salinities 20 and 35. Additionally, biomass from salinity 10 also showed higher
content compared to salinity 20. Moreover, biomass cultivated at salinity 10 in the mud-based
system had significantly higher TFC than the others. Comparing production systems, stems had
lower TFC at salinity 10 in the semi-hydroponics system and at salinity 35 w/o in the mud-based
system

The roots biomass from salinity 20 in the semi-hydroponics system showed significantly
higher TFC than in salinities 10 and 35. Additionally, biomass from salinity 35 w/o also had higher
content compared to salinity 35. In the mud-based system, biomass cultivated at salinity 20 had
higher TFC than those at salinities 10, 35 and 35 w/o. Additionally, biomass cultivated at salinity
35 had higher TFC than at salinity 10. Comparison between production systems in the roots

showed lower TFC at salinities 10 and 35 w/o in the semi-hydroponics system.
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Figure 3.9: TFC of methanol extracts made from biomass of S. ramosissima from a) first (week 3) and b)
second (week 6) cutting, ¢) stems and d) roots, each comparing the semi-hydroponics system (left, blue bar)
and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without
added fertiliser). Results are shown in mean £+ SD (n = 6). Asterisk denotes significant differences between
semi-hydroponics and mud-based substrate production systems, placed on the lower value. Capital letters
indicate differences between salinities at semi-hydroponics system. Low case letters indicate differences

between mud-based substrate system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-
hoc test, p < 0.05).

3.4.3 Total liposoluble pigments content

3.4.3.1 Total chlorophyll content
The total chlorophyll content (Fig. 3.10) was determined in biomass from the first cutting (a),
second cutting (b), stems (c) and roots (d). Comparing overall productivity between production
systems, biomass from the first and second cutting, stems and roots resulted in significantly higher
chlorophyll content in the mud-based system than in the semi-hydroponics system. In the first
cutting, the semi-hydroponics system at salinity 20 resulted in a significantly higher chlorophyll
content than those from salinities 10, 35 and 35 w/o. Additionally, biomass from salinity 10 had

higher chlorophyll content than salinity 35 w/o. In the mud-based system, biomass from salinity
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10 had higher chlorophyll content than those from salinities 20 and 35. Additionally, biomass from
salinity 35 w/o also had higher chlorophyll content than salinity 35. Comparing production systems
in the first cutting, lower chlorophyll content was observed in biomass from salinities 10, 35 and
35 w/o in the semi-hydroponics system and from salinity 20 in the mud-based system.

In the second cutting, the semi-hydroponics system at salinity 20 produced biomass with
significantly higher chlorophyll content than those from salinities 10 and 35. Additionally, biomass
from salinity 35 w/o had higher chlorophyll content than from salinity 10. In the mud-based
system, biomass from at salinity 10 had significantly higher chlorophyll content than both salinities
35. Additionally, biomass from salinity 20 had higher chlorophyll content than from salinity 35
w/o0. Comparing production systems in the second cutting showed lower chlorophyll content at
salinities 10 and 35 in the semi-hydroponics system and at salinity 20 in the mud-based system.

In the stems, the semi-hydroponics system at salinities 10, 20 and 35 w/o produced biomass
with significantly higher levels of chlorophylls than salinity 35. In the mud-based system,
chlorophyll content from stems biomass at salinity 10 was significantly higher than at salinities
20, 35 and 35 w/o. Additionally, chlorophyll content from stems biomass at salinities 20 and 35
w/o was significantly higher than at salinity 35. Overall comparison between production systems
in the stems showed that biomass from the semi-hydroponics system had lower chlorophyll content
than those from the mud-based system, in all salinities.

Regarding roots, the semi-hydroponics system showed that biomass from salinities 20 and
35 w/o had significantly higher chlorophyll content than those from salinity 10. Additionally,
biomass from salinity 35 w/o was also significantly higher than from salinity 35. In the mud-based
system, biomass from salinity 20 had significantly higher chlorophyll content than salinities 10
and 35 w/o. Additionally, biomass from salinity 35 had significantly higher chlorophyll content
than salinity 35 w/o. Comparing production systems in the roots showed significantly lower
chlorophyll content at salinities 10, 20 and 35 in the semi-hydroponics system and at salinity 35

w/o in the mud-based system.
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Figure 3.10: Total chlorophyll content of methanol extracts made from biomass of S. ramosissima from a)
first (week 3) and b) second (week 6) cutting, ¢) stems and d) roots, each comparing the semi-hydroponics
system (left, blue bar) and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20,
35 and 35 w/o (without added fertiliser). Results are shown in mean = SD (n = 6). Asterisk denotes
significant differences between semi-hydroponics and mud-based substrate production systems, placed on
the lower value. Capital letters indicate differences between salinities at semi-hydroponics system. Low
case letters indicate differences between mud-based substrate system. No denotation means no differences.
(Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.4.3.2 Carotenoids content
Carotenoids were calculated for all biomasses (Fig. 3.11), but were only detected in biomass from
salinities 10 and 35 w/o, in the semi-hydroponics system for the first cutting. In the first cutting,
the carotenoids content in biomass at salinity 10 was significantly higher than from biomass at
salinity 35 w/o. In the second cutting, carotenoids were only detected in biomass at salinities 10,
20 and 35 from the semi-hydroponics system. In the semi-hydroponics system of the second

cutting, biomass at salinity 20 was richer in carotenoids when compared with salinities 10 and 35.
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Figure 3.11: Carotenoids content of methanol extracts made from biomass of S. ramosissima from a) first
(week 3) and b) second (week 6) cutting, each comparing the semi-hydroponics system (left, blue bar) and
mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without
added fertiliser). Results are shown in mean + SD (n = 6). Capital letters indicate differences between
salinities at semi-hydroponics system. Low case letters indicate differences between mud-based substrate
system. No denotation means no differences. (Kruskal-Wallis; Dunn’s post-hoc test, p < 0.05).

3.4.4 Total tannins content (TTC)

The TTC (Fig. 3.12) was determined in biomass from first cutting (a), second cutting (b), stems
(c) and roots (d). Comparing the overall productivity between production systems, the TTC of
biomass from mud-based system was significantly higher in the first cutting and the stems biomass.
In the first cutting, biomass from the semi-hydroponics system at salinity 20 showed higher TTC
when compared to biomass at salinities 35 and 35 w/o. Additionally, biomass at salinity 10 showed
higher TTC than at salinity 35 w/o0. In the mud-based system, biomass at salinity 10 had increased
TTC compared with plants cultivated at salinities 20 and 35. Comparing production systems in the
first cutting showed lower TTC at salinities 10 and 35 w/o in the semi-hydroponics system and at
salinity 20 in the mud-based system.

In the second cutting, biomass from the semi-hydroponics system at salinity 20 was richer
in TTC than from salinities 10 and 35 w/o0. In the mud-based system, biomass cultivated at salinity
10 had significantly higher TTC than all other salinities. Comparing production systems in the
second cutting showed lower chlorophyll content at salinity 10 in the semi-hydroponics system
and at salinity 20 in the mud-based system.

Regarding the biomass of the stems, the semi-hydroponics system showed that biomass
cultivated at salinity 10 had higher TTC than at both salinities 35. Additionally, biomass cultivated
at salinity 20 also had higher TTC than at salinity 35. The mud-based system, similarly to the
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second cutting, showed higher TTC in biomass cultivated at salinity 10 than at the other salinities.
Overall comparison between production systems in the stems showed that biomass from the semi-
hydroponics system had lower TTC at salinities 10 and 35 than those at the mud-based system.

For roots biomass obtained from plants cultivated in the semi-hydroponics system, higher
TTC was observed in biomass at salinity 35 w/o than at salinity 35. In the mud-based system,
biomass cultivated at salinity 20 showed significantly higher TTC than those from both salinities
35. Comparison between production systems in the roots showed that biomass from the semi-
hydroponics system had lower TTC at salinity 20 than at the mud-based system.
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Figure 3.12: TTC of methanol extracts made from biomass of S. ramosissima from a) first (week 3) and b)
second (week 6) cutting, ¢) stems and d) roots, each comparing the semi-hydroponics system (left, blue bar)
and mud-based substrate system (right, red bar) at different salinities (PSU) 10, 20, 35 and 35 w/o (without
added fertiliser). Results are shown in mean + SD (n = 6). Asterisk denotes significant differences between
semi-hydroponics and mud-based substrate production systems, placed on the lower value. Capital letters
indicate differences between salinities at semi-hydroponics system. Low case letters indicate differences
between mud-based substrate production system. No denotation means no differences. (Kruskal-Wallis;
Dunn'’s post-hoc test, p < 0.05).
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4 Discussion

The present study has evaluated the influence of cultivating S. ramosissima in a semi-hydroponics
system and a mud-based substrate system using water sources commonly available at aquaculture
farms. Water used for plant irrigation included wastestreams from semi-intensive aquaculture
fishponds, water from a brackish well and freshwater, with their respected different salinities of
10, 20 and 35 PSU. Plants irrigated with the different water sources were supplied with
supplementary fertiliser. Additionally, plants irrigated with the water source of the wastestreams
from the semi-intensive pond (35 PSU) were also tested without supplementary fertiliser. Analysed
parameters included biomass production and biochemical properties of the produced edible and
lignified biomass, including its nutritional and antinutritional profiles, as well as the levels of

bioactive compounds and antioxidant properties.

4.1 Biomass production implications

The overall increased biomass productivity in the mud-based system for first cutting could be due
to higher quantity of nutrients present in the substrate. Although not specifically quantified due to
instrumental constraint, it was assumed that the mixture of potting soil and mud from the
decantation pond had a higher nutrient content, and therefore provided a higher nutrient load than
the semi-hydroponics system. Biomass from the second cutting showed a significant increase at
salinity 20 in the semi-hydroponics system. However, no such favourable effect of salinity 20 was
found in the first cutting and in the mud-based system, nor has there been found any research to
elaborate on this, therefore the relationship remains unclear. Furthermore, the reduced biomass
productivity observed at the lowest salinity used, 10 PSU, is contrary to other findings by other
authors on related species, such as Mesa-Marin et al. (2019), that reported that the optimal salinity
for S. europaea cultivation was 171 mM NaCl (approximately 10 PSU), and by Cardenas-Pérez et
al. (2022), also on S. europaea, where 200-400 mM NaCl (approximately 11 to 23 PSU) was
considered optimal. Research by Khan et al. (2001) on S. rubra provided similar results, in
accordance with the previously mentioned studies. Other halophytes however, such as Haloxylon
recurvum (Khan et al., 2000), Sarcocornia natalensis (Naidoo & Rughunanan, 1990) and

Allenrolfea occidentalis (Gul et al., 2000), had reported optimum growth observed at salinities
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between 200 to 600 mM NaCl, converting to approximately 11.7 to 35 PSU respectively. The large
range in salinities can be attributed to the different treatments and conditions used, such as
cultivation systems, plant densities and plant species.

Furthermore, the earlier mentioned potential effect of higher nutrient content in the
substrate of the mud-based system compared to the semi-hydroponics system can be seen also by
the overall higher biomass production in the mud-based system. Moreover, at salinity 35, both
systems showed no significant difference in biomass production with or without the added
supplementary fertiliser. Particularly the biomass production in the mud-based system provided
very similar results when looking at the effect of supplementary fertiliser. Additionally, the general
increase in productivity of edible and non-edible biomass after cuttings at salinity 35, compared to
salinities 10 and 20, is contrary to earlier reports by Mesa-Marin et al. (2019) and Cardenas-Pérez
etal. (2022), on S. ramosissima and S. europaea, respectively. The higher production of non-edible
biomass in the mud-based system compared to the semi-hydroponics system is possibly due to the
increased availability of nutrients in the substrate, since nutrient availability plays an important
role in the lignin biosynthetic pathway (Liu et al., 2018). Moreover, research highlights that soil
microbial communities, which have been reported to increase by addition of fish effluent
fertilisation (Fruscella et al., 2023), can influence lignin content by affecting the nutrient delivery
to plants (Bennett et al., 2015). When carbon is abundant relative to other nutrients, it can promote
lignin biosynthesis. This suggests that higher nutrient levels, particularly nitrogen, which is
expected to be more abundant in the mud-based system due to the used potting soil and aquaculture
sludge (Zhang et al., 2023), could enhance lignin production in Salicornia species by providing
the necessary resources for the metabolic pathways involved in lignin synthesis. Aside of nutrient
availability, the density of the soil substrate can also impact plant growth and nutrient uptake.
Higher soil density may enhance root penetration and stability, potentially leading to the improved
nutrient acquisition. This is particularly relevant in saline environments where Salicornia spp.
thrives. For instance, S. brachiata has been shown to exhibit significant biomass production in
coastal saline soils, indicating that optimal soil conditions can enhance its growth and possibly
lignin content (Rathore et al., 2016).

Furthermore, total biomass in the semi-hydroponics system showed that more edible
biomass was produced than non-edible biomass. Yet, the total biomass of the semi-hydroponics

system was lower than biomass of the mud-based substrate system. Even though total biomass in
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the mud-based system was higher, the edible biomass in both systems was similar, indicating that
the main difference was in a higher non-edible content in the mud-based system. Moreover, edible
biomass did not seem to decrease with the increase of salinity, demonstrating beneficial prospects
for potential implementation of these cultivation systems in aquaculture settings where water with
salinity of 35 PSU is mostly available. In a hydroponics setting, however, additional fertiliser may
be beneficial to promote growth.

Total edible biomass obtained at the end of the experiment, including both cuttings and
remaining edible biomass, considering the growing area of 6 cm x 6 cm per cluster of plants,
resulted in an average biomass production of 103 g/m? per day from plants cultivated in the semi-
hydroponics system, with a highest value recorded of 118 g/m? per day at salinity 20. Plants
cultivated in the mud-based substrate system had an average edible biomass production of 106
g/m? per day, with highest recorded values in salinity 35 with additional fertiliser of 114 g/m? per
day. Plant biomass in the semi-hydroponics system showed high production in salinity 20, while
the salinities 10 and 35 with and without additional fertilisation were significantly lower. Plant
biomass from the mud-based system showed higher production in salinities 35 with and without
additional fertiliser, with differences to the lower salinities 10 and 20 being much lower compared
to the semi-hydroponics system. Comparing observed values to those of other research is not
straightforward, as cuttings in this study were performed at precisely 15 cm above the substrate,
while several other studies performed cuttings on new harvestable edible shoots (Castilla-Gavilan
et al., 2024; Lima et al., 2020). Therefore, the cuttings performed by these studies was based on
what they considered was harvestable size depending on the plants, and not always at the same
height. Thus, potentially more edible plant biomass could have been harvested by performing
cuttings in this study by use of similar methods. However, cuttings performed at 15 cm above
substrate was decided to avoid harvesting too much woody material and to ensure re-growth after
cutting (Diaz et al., 2013). Moreover, it would obtain more reliable and consistent data, and not
necessarily focus on achieving maximum harvested biomass output.

Nonetheless, Castilla-Gavilan et al. (2024) cultivated S. ramosissima cultured with RAS
effluents in the time period between July and September, and observed average highest harvested
biomass per month in their Deep Water Culture system of 2.5 kg/m?, converted to approximately
116.67 g/m? per day. Their highest recorded value however, was observed to be 320 g/m? per day.

These values are considerably higher than those obtained in this study, especially considering the
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harvesting of solely fresh tips compared to the total edible biomass in this study. Nevertheless,
their study also reported that the treatment that showed the highest recorded biomass production,
had a subsequent decrease in biomass production (25-250 g/m? per day) in later stages of the
experimental period, indicating the variability in biomass production during the life stages of
Salicornia. Moreover, research by (Lima et al., 2020) on the cultivation of S. ramosissima also
showed a decrease in productivity with the increase of salinity. Whilst these observations are in
line with those of the semi-hydroponics system in this study, biomass obtained from plants in the

mud-based system in contrast, had increased biomass output in the higher salinities.

4.2 Proximate composition implications

High moisture content leads to more fleshy tips, and more tender and succulent texture, as
preferred in fresh salads or as a vegetable side dish (Ventura et al., 2011). In this work, and as
expected, moisture was the major parameter, with average values of 86% and 87% for the semi-
hydroponics and mud-based systems, respectively. The highest moisture content, 87%, was
observed in biomass from plants cultivated at salinity 10, from the first cutting in the semi-
hydroponics system and 89% in salinity 35 without additional fertiliser from the first cutting in the
mud-based system. These values were in line with previous reported values of 86% for wild (Lopes
et al., 2021) and 90% for cultivated S. ramosissima at a salinity of 35 mM NaCl (approximately 2
PSU) (Lima et al., 2020).

The moisture content of the biomass from the first cutting was higher in the mud-based
system. However, this difference was not observed in the second cutting, as moisture content in
the second cutting showed a reduction, particularly in the higher salinities. The reduced moisture
content in particularly the higher salinities in the second cutting, could be a consequence of the
increased osmotic stress caused by increase of salinity, which decreases water uptake by the cells
(Lima et al., 2020). Hence, due to the longer cultivation time and potential induced stress by the
performing of the cutting, the increase of salinity could have caused this reduction of moisture in
biomass with higher salinity treatments.

Furthermore, the higher levels of moisture content observed in the mud-based system could
be due to the enhanced water retention capacity and nutrient availability in the substrate, which
may have provided a more stable environment for the plants initially. Mud-based systems typically

have better nutrient cycling and water-holding capacity, which could lead to better initial moisture
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content in the plants (Cardenas-Pérez et al., 2022). However, after the first cutting, the plants might
have experienced stress that could affect their water uptake and retention mechanisms due to
changes in root function (Barros et al., 2015) and, therefore, affect the moisture content of plants
cultivated in the mud-based system with the second cutting. This variability could be due to
adaptation and recovery processes, which can differ depending on the growing medium (Céardenas-
Pérez et al., 2022). Moreover, several studies indicate that halophytes such as Salicornia spp. show
an increase in synthesis of secondary metabolites compounds with antioxidant properties to
decrease production of Reactive Oxygen Species (ROS), when under stress due to salt, as this can
help the plant retain water in its cells, preventing excessive loss of moisture, leading to higher
moisture content (Rahmani et al., 2022; Tirkan & Demiral, 2009; Ventura & Sagi, 2013).
Furthermore, the increase in temperature over the course of the next three weeks after the first
cutting could have led to lower moisture content in the second cutting (Hamed et al., 2013).

The stems biomass from plants grown in the mud-based system showed higher moisture
content when compared to the semi-hydroponics system, thus suggesting that plants in this system
can retain more water. This could be due to the nutrient availability, which directly influences the
osmotic potential of Salicornia spp., which is critical for water uptake. Research by Lopes et al.
(2023) indicates that S. ramosissima exhibits high moisture content, which is essential for diluting
the high concentrations of NaCl present in their tissues. This dilution is necessary to mitigate
osmotic stress, thereby facilitating water uptake under saline conditions. Moreover, the presence
of potential beneficial microorganisms in the rhizosphere in the mud-based system could alter
nutrient availability and consequently, water uptake. Mesa-Marin et al. (2020) found that
inoculation of S. ramosissima with plant growth-promoting bacteria increased water use efficiency
(WUE) and water content. This indicates that microbial interactions can enhance nutrient
absorption, which in turn supports better water management under stress conditions.

The ash content represents the inorganic residue remaining after the organic matter has
been completely burned off and consists primarily of minerals. The ash levels were high, especially
in biomass from higher salinities, similar to the results reported by Lopes et al. (2021), who
analysed S. ramosissima plants from wild populations in salt marshes. Halophytic plants generally
have high ash content, as this relates to the saline environment in which they naturally grow and
their earlier mentioned mechanisms of tolerance to salt stress (Lopes et al., 2023). These

halophytes are required to adjust the water potential of their tissues to a lower level than the water
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in the soil in order to grow in saline environments and to ensure water uptake. Decreased turgor
pressure, decreased cell size and osmotic processes are methods that are commonly used by these
halophytes to adjust water potential in their tissues. In S. ramosissima, it is mainly performed due
to osmosis, by accumulation of inorganic ions, mostly sodium and chloride, in cell vacuoles
(Katschnig et al., 2013). To protect metabolic processes from the potential harmful effects of high
inorganic ion concentrations, halophytes maintain elevated levels of compatible organic solutes
within their cytoplasm. The means by which minerals are stored and distributed in these plants,
especially in Salicornia spp. is heavily shaped by both external environmental factors such as soil
and water properties, pollutants and climate, and internal factors, including the developmental
stage of the plant and the specific tissues involved (Diaz et al., 2013; Flowers & Colmer, 2008).
Hence, the noticeable higher ash content in biomass from salinity 35 in the two cuttings is likely
due to the higher NaCl level in the used irrigation water.

The higher NaCl contents for these treatments are somehow confirmed by the salty flavour
test performed on the biomass of the second cutting, which indicates that both 35 salinities show
a significant increase of saltiness compared to the lower salinities. Salty flavour test was only
performed on the plant biomass from the second cutting. The test was not performed in the biomass
of the first cutting due to reduced availability of biomass. Biomass of stems and roots had no
significant use for this analysis, as these would not be for human consumption. Reported values of
10.1 dS/m at a salinity of 200 mM NaCl (approximately 11.7 PSU) and 11.9 dS/m at 350 mM
NaCl (approximately 20 PSU) by Lima et al. (2020) are slightly higher than observed in this
research. Nevertheless, the trend of increasing salty flavour with the increase of salinity levels is
very similar. Additionally, similar trends were reported in halophytes 1. crithmoides and M.
nodiflorum (Lima et al., 2021).

In terms of protein content, the relatively higher content of protein in the biomass of the first
cutting compared to the second cutting could be due to the stress induced by performing of the
cuttings. This induced stress could have similar effects as saline stress, which has been shown to
down regulate the energy metabolism and protein synthesis (Bandehagh & Taylor, 2020). Under
stress, plants can shift their metabolic focus from protein synthesis to the production of ATP and
amino acids. This shift enables cellular functions that are critical for stress response, such as
osmoregulation and stress tolerance (Ferreira et al., 2023). Moreover, the generally higher protein

content in the mud-based system compared to the semi-hydroponics system is likely due to the
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higher nitrogen availability in the substrate of the mud-based system (Soto-Sierra et al., 2018).
Furthermore, the recorded protein content, 11.5% DW in the semi-hydroponics system and 13.7
% DW in the mud-based system, is substantially higher than those reported by Barreira et al. (2017)
and Lopes et al. (2021), of 5.20 % (DW) and 4.16% (DW), respectively. Particularly in the first
and second cutting, in the edible parts, the protein content was considerably higher. Lima et al.
(2020) reported that the protein content in higher salinities, 350 mM NaCl and 465 mM NacCl
(approximately 20 and 27 PSU, respectively) is not affected much compared to the lower salinities.
Results in this study showed that protein content reduced with the higher salinities of 35 PSU.
Therefore, these results suggest that protein content tends be highest at moderate salinities of
around 20-27 PSU, after which they seem to decrease with higher salinities. Finally, the observed
average protein levels of 12.6 % (DW) indicates a protein content of 1.7 grams at a consumption
of 100g fresh tips. Highest protein content of 2.8 grams was recorded in the first cutting at salinity
20 in the semi-hydroponics system. Although not particularly high, it suggests a potential for using
Salicornia in more plant-based diets. The serious detrimental environmental effects of animal
protein consumption (Rust et al., 2020) could thereby be mitigated by moving towards a more

plant-based diet.

4.3 Minerals implications

The most abundant macro minerals in the tested biomass were the macronutrients Na, K, Mg, Ca
and P, while the major micronutrients were Mn and Fe. The use of potting soil together with the
mud from the decantation pond as a substrate for the mud-based system likely resulted in the
general higher mineral content due to higher nutrient availability. Singh et al. (2014), cultivating
multiple Salicornia species in hydroponics and sand-substrate conditions, reported similar results
and indicated that hydroponic systems, in absence of solid substrates, prevent plants from forming
micro-environments, therewith reducing the ability to take up micronutrients. Moreover, Mesa-
Marin et al. (2020) reported that presence of potential beneficial microorganisms in the rhizosphere
of the substrate could alter nutrient availability and consequently, nutrient uptake. This could have
caused the generally higher mineral content in the mud-based system.

Nevertheless, the different dilution factors used in the assessment of sodium and
phosphorus may have resulted in slightly altered outcomes than when a single dilution factor

would have been used. Additionally, the significant differences observed between the Na values
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between treatments, particularly in the first cutting, indicate there may have been a technical
problem in the analysing process. The critical review on MP-AES by (Balaram, 2020) stated that
analyses of biomass with high salinity levels, particularly for trace elements, is very challenging
due to matrix interferences from its high dissolved salt content. For instance, the presence of high
concentrations of Na or other ions in the sample matrix might interfere with the emission signal,
making it difficult to quantify Na accurately. These matrix effects could significantly degrade the
quality of the signal (Balaram & Sawant, 2020). Hence, these potential matrix interferences could
result in artificially low sodium concentrations in higher salinity samples. Therefore, the obtained
values of Na and P, particularly Na, are to be interpreted with caution due to the mentioned different

dilution factors used and analysing issues.

4.3.1 Macroelements

The level of the major macromineral detected, Na, tended to naturally increase by the increase of
salinity, particularly in the second cutting, and the highest value was recorded at 35 salinities. The
semi-hydroponics system of the first cutting indicated large decrease in Na levels. However, this
is likely related to the analysis problems mentioned above. Biomass from the mud-based system
generally had higher Na levels than the semi-hydroponics system. Soil particles, particularly clay
and organic matter, have a high cation exchange capacity (CEC), which allows them to retain
positively charged ions, including sodium (Na+) (Weil & Brady, 2017). This could have likely
caused the higher Na levels in plants cultivated in the mud-based system. The World Health
Organisation (WHO) recommends a maximum Na intake of 2000mg per day. Hence, due care
must be taken in order not to exceed the maximum allowed daily dose recommended by WHO.
Although observed Na levels were high, with highest Na content recorded at 332.74 mg/100 g
DW, these values are still below daily recommended intake considering a consumption of 100 g
of fresh tips. However, with the high fluctuation in values, the analysis problems should be
considered, and results on Na levels are yet to be defined and confirmed.

The Ca content in the shoots from first and second cutting generally reduced with the
increase of salinity. Particularly in the first cutting of the mud-based system, Ca content reduced
by nearly 50% when salinity increased from 10 and 20 PSU to 35 PSU. In the second cutting,
however, these large differences were not noted. Research by Flowers & Colmer (2008) observed

that concentrations of macronutrients generally, in contrary to Na, tend to decrease with the
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increase of salinity, likely as a result of inhibition of uptake due to competition by excessive Na
present. Although this is in accordance with observed Ca and P levels, K and Mg levels did not
follow this decrease tendency. Additionally, the biomass content in Ca, K and Mg in salinity 35 is
lower than in salinity 35 without additional fertiliser in the semi-hydroponics system, where in the
mud-based system the opposite trend was found. This indicates that the use of the two different
production systems, together with the addition of fertiliser, seems to affect uptake of said minerals.

While direct causes remain unclear, one possible explanation is nutrient dilution (ND). ND
occurs when plant tissues exhibit lower concentrations of essential elements as plant biomass
increases. This is often accompanied by a decline in concentrations of sugars, amino acids, and
minerals (Kaspari & Welti, 2024). Factors such as climate conditions or CO2 enrichment can drive
this phenomenon, leading to increased biomass while diluting nutrient content (Welti et al., 2020).
In the semi-hydroponics system, the reduced mineral content in salinity 35, compared to the
treatment without fertiliser, could be linked to greater plant biomass production, leading to ND.
Additionally, van Grinsven et al. (2022) highlighted the importance of optimising fertiliser use to
sustain high yields without compromising nutrient density, as excessive or imbalanced fertiliser
use may boost plant growth but inadvertently lead to nutrient dilution, similar to what might have
occurred in the semi-hydroponics system.

Another possible cause could have been nutrient availability. Fertiliser provided in
salinities 10, 20 and 35 contained nutrients, in particular N, P and K. Salinity 35 therefore naturally
had more nutrient availability than salinity 35 without added fertiliser. Hence, enhancing nutrient
availability and promoting better uptake of, in case the mud-based system, Ca, K, and Mg. This
could be due to the higher quantity of organic matter in the mud-based system and other minerals
to hold nutrients more effectively, releasing them over time and ensuring more consistent
absorption by the plants. In the semi-hydroponics system however, especially with high salinity
stress, earlier mentioned competition for uptake of minerals increases and could cause plants to
promote nutrient uptake (Flowers & Colmer, 2008). Nutrients supplied by the addition of fertiliser,
such as N and P, will therefore be more readily available in salinity 35 of the semi-hydroponics
system, resulting possibly in their lower content of Ca, K and Mg compared to salinity 35 without
added fertiliser. Nevertheless, more research regarding nutrient dynamics in Salicornia spp. is

required to interpret the direct causes of these differences.
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Furthermore, resulting macroelement minerals were significantly higher than those
reported by Lopes et al. (2021), who analysed wild S. ramosissima plants. However, research by
(Diaz et al., 2013) reported relatively similar results of Mg and Ca in their cultivation of S. bigelovii
in highly saline soil (28.6 dS/m), although observed Ca levels in their study were generally
marginally elevated and Mg slightly reduced. Moreover, apart from K and Fe, analysed wild S.
ramosissima plants by Barreira et al. (2017) showed similar levels to those observed in this study.
The Na content observed in this work was generally much higher than those obtained in the above-
mentioned studies. Lima et al. (2020) indicated similar results and observed an increase of Na with
the increase of salinity in cultivated S. ramosissima, which appeared to stagger at 275 mM NaCl
(approximately 16 PSU). This trend of Na levels remaining consistent at higher salinities was not
observed in the results of this study. Additionally, the values recorded were significantly higher
than those reported on S. ramosissima by Lima et al. (2020). However, the differences in Na
observed in this research and those reported by above-mentioned studies are likely due to the
analysing issues for Na. Moreover, the macroelements in the biomass of stems and roots showed
similar patterns across the two cuttings. Notably, the roots had a significantly higher P content.
This is consistent with the primary role of Salicornia spp. roots in nutrient absorption from the
soil, particularly P. Accordingly, Brown et al. (1999) reported that halophytes tend to accumulate
high quantity of phosphorus in roots, compared to other parts of the plants.

4.3.2 Microelements

Similarly to the macroelements, the microelements of the first and second cutting generally
followed a decrease of microelement content with the increase of salinity, similar to observations
by Flowers & Colmer (2008). Research by Lima et al. (2020) cultivated S. ramosissima in multiple
salinities and indicated a similar increase of microelement levels with the increase of salinity to
moderate levels of 275 mM NaCl (approximately 16 PSU), after which levels started to decrease
with higher salinity levels of 465 mM NaCl (approximately 27 PSU).

Metals such as Fe and Mn presented high levels in the aboveground tissues. Research
shows that Fe and Mn usually present higher translocation factors, as they are important for
photosynthesis, particularly in electron transport and enzyme activation, and are therefore
generally present in aboveground tissues at higher concentrations (EI Amine et al., 2023). Aside

of that, Nikalje et al. (2017) reported that Salicornia spp. through their accumulation mechanism
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absorb toxic salt ions and rapidly and translocate them towards aerial parts such as leaves. These
ions are sequestered into vacuoles to avoid accumulation in the cytoplasm. Similar to salt ions,
these plants have been reported to accumulate (toxic) metal ions in the aerial parts (Nikalje &
Suprasanna, 2018). The high Mn levels showed a highest recorded concentration of 0.36 mg/g DW
observed at salinity 10 in the mud-based system from the first cutting. However, despite these
elevated levels, consuming 100 g of fresh tips would remain below recommended daily intake of
2 mg by the WHO. The Salicornia spp. appear to be resistant to high levels of Mn and reports of
elevated concentrations in Salicornia are frequently found in the literature (Ventura & Sagi, 2013).

Moreover, the Commission Regulation (EU) 2023/915 indicated that metals Pb, Cd, Hg,
As and Sn have a maximum level intake. Pb and Cd, analysed and quantified in this study, have
maximum legislated values of 0.3 mg/kg WW for Pb and 0.1 mg/kg WW for Cd. Although no
values for Cd were detected, Pb values were with averagely 0.91 mg/kg WW in the semi-
hydroponics system and 0.93 mg/kg WW in the mud-based system above the described maximum
levels. Their relatively high Pb levels are curious, as they were present in both systems, and all
three water sources, including the mixture of freshwater with brackish well water (10 PSU) and
brackish well water (20 PSU). Hence, this indicates that the high Pb values cannot strictly be
attributed to the aquaculture wastewater and mud. Nevertheless, with regards to the use of
aquaculture wastewater for Salicornia irrigation, careful consideration is required. Aquaculture
wastewater in many cases has been reported to contain metals (Emenike et al., 2022). This
naturally highly depends on the location of the aquaculture farm, their methods and materials,
including fish feed, they use. The strong ability of Salicornia to accumulate metals such as Zn, Cr,
Pb, Ni and Cd (Caetano et al., 2008) should not be underestimated and could become problematic

for commercial purposes when cultivated at polluted locations.

4.4 Bioactive compound implications

Phenolic compounds have many advantages for consumers, such as anti-aging, anti-inflammatory,
antioxidant and antiproliferative agents (Lin et al., 2016). Moreover, relevant antioxidant enzymes
are able to counter oxidants. Polyphenols, particularly flavonoids, phenolic acids, and tannins, play
a crucial role in inhibiting a-glucosidase and a-amylase, two key enzymes responsible for breaking
down carbohydrates into glucose (Reetu et al., 2023). Plant-based polyphenols and polyphenol-

rich foods influence the metabolism of carbohydrates and fats, helping to reduce high blood sugar,
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abnormal lipid levels, and insulin resistance. They also enhance the function of B-cells, boost
insulin production, improve fat metabolism, and alleviate oxidative stress, as well as stress-related
signalling and inflammation. Additionally, polyphenolic compounds may help prevent long-term
diabetes complications such as cardiovascular disease, neuropathy, kidney damage, and vision
problems (Moo-Huchin et al., 2015; Shukitt-Hale et al., 2008). Hence, adequate levels of phenolic
compounds in the edible biomass of S. ramosissima proves useful. Production of phenolic
compounds can be induced by stress, such as salinity, drought, UV radiation and more (Alhdad et
al., 2013). In controlled and covered growing places such as greenhouses, plants are shielded and
protected from some of the extreme environmental conditions to which they would be exposed in
the wild. These conditions, usually presenting (abiotic) stress factors to the plants, are considered
to be responsible for the production of secondary metabolites such as the phenolic compounds
(Lima et al., 2020). During abiotic stress conditions, the biosynthesis of most phenolic compounds
such as phenolic acids, flavonoids, lignin, and tannins increases and thus help the plant to withstand
these environmental constraints (Reetu et al., 2023). Therefore, S. ramosissima plants collected
from wild and cultivated in controlled environments may present very different levels of secondary
metabolites (Antunes et al., 2021; Castafieda-Loaiza et al., 2020).

In this work, the TPC of biomass from the first cutting of plants cultivated in salinities 10
and 20 was lower than those reported for the same species, cultivated in greenhouse conditions
under similar salinities (Lima et al., 2020). However, the TPC of biomass from those salinities in
the second cutting were higher. The TPC results of all samples were generally lower than the values
reported by Correia et al. (2022) on cultivated S. ramosissima supplied by RiaFresh. However,
reported values ranging between 8.34 and 15.02 GAE/g DW by Silva et al. (2021), also for S.
ramosissima, but from wild samples, were more similar to those observed in this study. Yet, in this
research larger margins in TPC levels were obtained between first and second cutting. Additionally,
TPC of both cuttings were generally higher in the semi-hydroponics system compared to the mud-
based system. Research shows that Salicornia species increase their phenolic content with rising
salinity, reaching a maximum threshold after which plants may either lose the capacity to maintain
phenolic production or redirect their energy resources (Lima et al., 2020; Ventura et al., 2011,
2015). Slama et al. (2017) suggest that at elevated salinity levels, plants may shift their energy
allocation toward other protective mechanisms, such as osmolyte production or salt repulsion, to

combat salinity stress. While a decline in total phenolic content (TPC) and total flavonoid content
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(TFC) due to increased salinity is often observed in mud-based systems, this trend is not as
pronounced in semi-hydroponics systems. It is important to recognise that the synthesis,
accumulation, and degradation of secondary metabolites are influenced by several factors,
including soil and water composition, UV radiation, and the plant's life stage (Castagna et al.,
2022; Lopes et al., 2023). Moreover, TPC was significantly higher in the second cutting, likely
due to the stress induced by the first cutting. As a response to physical damage, reactive oxygen
species (ROS) are produced, and antioxidants, including phenolic compounds, can control the
levels of ROS (Alhdad et al., 2013).

Very similar TPC and TFC were observed from plants of the second cutting. However,
these similarities were not seen in the first cutting. Plants from the first cutting showed lower TPC,
while TFC was higher. These differences between first and second cutting in TPC and TFC were
likely due to earlier mentioned performed cutting and responses to stressors. Flavonoids play a
more immediate role in protecting cells against UV damage and oxidative stress and might
therefore be produced at a different rate compared to phenolics in the first cutting (Manzoor et al.,
2023). This could result in more variability between TPC and TFC at the first cutting. Nevertheless,
TFC results in the two cuttings were generally higher than the values reported by De Souza et al.
(2018) on cultivated S. neei. It is, however, challenging to directly compare TFC results with other
studies, as extraction protocols for TFC are often slightly modified, leading to variations in
methodology. Furthermore, TPC in the stems is high, especially when compared to TFC and TTC,
in the biomass from the stems. Stems require a high number of phenolic compounds, especially
those involved in lignin biosynthesis. As a complex phenolic polymer, lignin provides rigidity,
structural support and helps regulate water transport (Liu et al., 2018). Since stems are highly
lignified tissues, and lignification leads to a higher accumulation of phenolic compounds, it results
in high TPC in the stems compared to lower TFC and TTC in the stems.

Photosynthetic pigments, including chlorophyll a and b and carotenoids, are the pigments
used for photosynthesis, the capturing of light and converting it into chemical energy (Krayem et
al., 2021). They are important in the prevention and combating of oxidative stress in the
photosystem, called photooxidative stress (De Souza et al., 2018). These pigments are valued for
their colour and roles in health, nutrition, pharmaceuticals, cosmetics, and biotechnology (Qaisar
et al., 2019). In this work, the highest levels of chlorophylls were detected in biomass from the

lower salinities, particularly for the mud-based system. The chlorophyll content of biomass from
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salinity 10 of the semi-hydroponics system, however, was relatively low, with samples from the
mud-based system having generally a higher chlorophyll content. This is in line with results
reported by other authors, analysing cultivated S. neei (De Souza et al., 2018), wild S. europaea
(Cérdenas-Pérez et al., 2022) and wild S. prostata (Akcin & Yalgin, 2015). Interestingly, in the
first and second cutting, chlorophyll content at salinity 20 in the semi-hydroponics system showed
a spike in content. This may be explained by the lower nutrient availability combined with a
stimulation of chlorophyll synthesis in moderate salinities, as reported by study on wild S. prostata
(Akcin & Yalgin, 2015). Moreover, low levels of chlorophylls were detected in biomass from
salinity 10 in the semi-hydroponics system. This likely due to the low salinity levels or low nutrient
availability, or its combined effect, as potentially salinity 10 does not provide sufficient salinity
stress and/or affects nutrient uptake to trigger chlorophyll synthesis. However, this is speculative,
and more research is required to understand these effects. Furthermore, biomass from cuttings
presented similar levels of pigments. Chlorophyll content in non-edible biomass, stems and root,
was much lower as expected, because the shoots are the primary sites for photosynthesis, since
they contain a higher quantity of chloroplasts.

Carotenoids were not detected in biomass from the mud-based system. Overall, higher
levels were observed in biomass from the lower salinities, which is in line with results reported by
Aghaleh et al. (2009). Moreover, results are similar to those observed for total chlorophylls, where
total carotenoids decreased with the increasing salinity. As mentioned earlier with TPC, the plants
likely shift their energy towards other protective mechanisms to protect against the higher salinities

(Slama et al., 2017).

4.5 Antinutritional properties implications

In the green shoots of the first and second cutting, tannins, similar to other secondary metabolites,
play a significant role in defending against herbivores, pathogens, and environmental stressors.
Tannins can act as deterrents to herbivores and protect the plant from microbial infections
(Barbehenn & Peter Constabel, 2011). Although tannins were present in the stems and roots, they
are generally, like other phenolic compounds, more involved in the photosynthetic active tissues
such as the shoots, and even more abundant in vulnerable parts of plants, such as new leaves and
flowers (Tong et al., 2022). Lima et al. (2020) reported an increase of TTC with the increase of
salinity with cultivated S. ramosissima, with highest levels (32.5 mg CE/g DW) recorded at their
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maximum salinity of 465 mM NaCl (approximately 27 PSU). Their lowest value (22.1 mg CE/g
DW) was recorded at lowest salinity of 35 mM NaCl (approximately 2 PSU). TTC levels in plants
observed in this study tended to increase from salinity 10 to salinity 20, after which they decreased
again in the higher salinities. Although TTC levels were significantly lower than those observed
by (Lima et al., 2020), the trend where TTC increases by increase of salinity suggests that TTC
levels present were highest at around 20-27 PSU, after which they seem to decrease. Additionally,
Hulkko et al. (2023) reported to have had no values for TTC detected on S. ramosissima, both
cultivated in organic open-field conditions and from wild. Furthermore, regarding antinutritional
effects, review by Hoque et al. (2024) states that regular tannin consumption of 1.5 to 2.5 g is
healthy and has no negative effects. Observed values for TTC, 0.42 mg CE/g FW for the average
TTC of total edible biomass and 0.64 mg CE/g FW for highest recorded TTC at salinity 20 of the
semi-hydroponics system from the first cutting, are relatively low. Regarding TTC, consumption
of 100g of fresh tips would therefore not show any negative antinutritional effects and would be

considered healthy.

4.6 Trial effects

The findings from this research provide insight into how the two production systems, semi-
hydroponics and mud-based substrate, could favour the production of S. ramosissima. It
demonstrates an overview where the production systems together with the use of different salinities
as treatments provide insight into how and in what best way such a cultivation system could be
implemented in for instance aquaculture fish farms. The concept of implementing such a
cultivation system in aquaculture farms would optimise general productivity, reduce freshwater
scarcity and improve circular economy, as it would have the potential to reduce pollution by
optimising aquaculture wastewater. Research by Cardenas-Pérez et al. (2021) also stresses this by
noting that the importance of Salicornia not only lies in its potential biomass use for consumption
as vegetable, bioprocessing into products such as bioethanol, or the oil content of seeds, but also
in its response to watering and capacity to survive and reproduce in high salinity environments.

S. bigelovii has been used globally to help restore local ecosystems, demonstrating effective
nutrient removal as a biofilter. Additionally, constructed wetlands have shown positive effects for
Salicornia spp. using aquaculture effluent (Diaz et al., 2020; Lee et al., 2009; Turcios et al., 2021).
Constructed wetlands were developed by Shpigel et al. (2013) with S. bigelovii, demonstrating an
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uptake of nitrogen by the plants of approximately 60% of total dissolved nitrogen. Moreover, Diaz
et al. (2020) also reported high nitrogen removal efficiency, next to significant biomass growth, of
S. neei. Moreover, research by Castilla-Gavilan et al. (2024) demonstrated positive results by
growing S. ramosissima in two distinct hydroponic systems with RAS effluents, indicating that the
experimental systems minimised waste and maximised resources utilisation. These characteristics
make Salicornia a suitable candidate as a biofilter to recycle water and nutrients contained in
effluent streams from marine aquaculture, and as a phytoremediator of saline soils polluted with
heavy metals (Khalilzadeh et al., 2021; Mesa-Marin et al., 2020).

The results from this study demonstrate that over the course of the six weeks cultivation
trial, all plants in all treatments showed consistent growth, indicating the resilience and adaptability
of S. ramosissima to high saline environments, typically found in aquaculture settings. The
addition of fertiliser in salinity to the 35 PSU treatment resulted in higher biomass weight in both
production systems, yet these differences were not significant. Although the mud-based system
produced significantly more non-edible biomass than in the semi-hydroponics system, edible
biomass production was similar. In fact, salinity 35 without additional fertiliser had significantly
higher edible biomass in the mud-based system. Thus, the addition of fertiliser in the mud-based
system did not seem to affect edible biomass production. This suggests that the addition of
supplementary fertiliser is not strictly necessary in the mud-based system.

In contrast, the semi-hydroponics system showed a greater dependency on additional
fertiliser at salinity 35 PSU. Without fertiliser, the semi-hydroponics system showed reduced
nutritional quality, particularly in terms of ash content, protein, and bioactive compounds like TFC.
Nutrient deficits in this system appeared to limit the ability of the plants to thrive in these highly
saline conditions (35 PSU). However, when fertiliser was added, the semi-hydroponics system
showed improvements in biomass and biochemical composition, although still remaining below
those found in mud-based system. Hence, when opting for a hydroponic system, special attention
should be given to providing plants with appropriate nutrient availability.

In most cases, the mud-based system provided more commercially beneficent results than
the semi-hydroponics system. Among those are plant weight, protein content, liposoluble
pigments, ash and mineral content, showing augmented content, particularly when looking at the

35 PSU salinities. Bioactive compounds such as TPC and TFC however, generally showed slightly
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higher contents in the semi-hydroponics system. Moreover, the increase of salinity quite clearly
caused the decrease protein and most minerals, apart from Na.

Due to the low sample sizes and sometimes high standard deviations, it is difficult to derive
significant conclusions regarding treatment effects on biomass weights and some of the performed
mineral and biochemical analyses. A larger sample size would be recommended for future research
to reduce measurement error. A higher number of treatment replicates would give higher statistical
power and thus make outcomes more reliable. Moreover, for forthcoming studies the statistical
Scheirer—Ray—Hare test should be considered, instead of the Kruskal-Wallis test, in order to gain
more reliable insights regarding the small sample size and non-parametric distribution. Presenting
an extension of the Kruskal-Wallis test, the Scheirer—Ray—Hare test is essentially a non-parametric
version of a two-way ANOVA, allowing for interaction effects between factors and better
accounting for low sample sizes.

Moreover, considered should be that plants used were already approximately 15 cm when
bought. For a full overview on the potential of S. ramosissima in these conditions, seeds should be
germinated in the same conditions. Furthermore, for future research, considered should be
performing of cuttings at a lower height than 15 cm. This would be more comparable to
commercial methods and would likely alter biomass production results, as more biomass would
be harvested by each cutting. Additionally, to fully comprehend what affect the treatments with
higher salinities have on the growth and biochemical properties of S. ramosissima, a longer
cultivation trial would be recommended for future research, as six weeks is not enough to
demonstrate how these plants are affected by these treatments on a potential full cultivation season.
Such extended-duration trials could shine light on the total number of harvests attainable in
practice, which is obviously of economic value. Moreover, in order to fully grasp the effect the
aquaculture wastewater has on the S. ramosissima plants, future research should investigate the
use seawater as another treatment, next to the aquaculture wastewater treatments (35 PSU) and
compare outcomes. Additionally, nutrients present in the aquaculture wastewater and mud should
be analysed to provide a more comprehensive view on their potential. Moreover, finding optimal
fertiliser ranges for Salicornia spp., particularly S. ramosissima, would benefit cultivation, as it

would enable to maximise plant performance without inhibition or nutrient imbalances.
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Lastly, exploring options to use wasteful, non-edible parts, stems and roots could be well-suited
for future research. Although findings in this study concluded that beneficial parts of the plans are
mostly in the edible tips, the non-edible stems and roots in many cases still contained valuable
resources. Mineral content in the stems was consistently present, though not in the highest
concentrations. Aside of that, protein content in the stems and roots was relatively low compared
to the fresh tips. Yet, with averages of between 5 to 10 % DW protein did contain considerable
contents and should therefore not be disregarded. Non-edible biomass however, demonstrated low
bioactive compound levels, particularly TFC. Although, TPC did in fact provide considerable
contents in the non-edible biomass. Consequently, the use and/or processing of these non-edible
parts, stems and roots, could be interesting for future research. Barreto et al. (2024) reported no
significant differences in performance when wheat meal of the diets of juvenile European seabass
(Dicentrarchus labrax) was replaced with up to 10% of non-edible by-products of S. ramosissima.
Additionally, Belal & Al-Dosari, (1999) replaced fish meal in their feed for Nile tilapia
(Oreochromis niloticus) by S. bigelovii, whole plant biomass. They reported that Salicornia meal
could replace up to 40% of the fish meal in O. niloticus feeds without affecting their growth or
body composition. The results of these studies demonstrate the potential of valorisation for the

non-edible biomass of Salicornia species.
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5 Conclusion and future recommendations

This study provides a comprehensive overview on the potential for cultivation of Salicornia
ramosissima in two production systems under varying salinity levels from water sources including
aquaculture wastewater from a semi-intensive pond system, brackish well water and fresh water.
Addition of fertiliser in the high salinity treatments (35 PSU) did not seem to affect growth or
nutritional properties of biomass in both production systems. Secondary metabolites however,
tended to be higher in biomass cultivated without supplementary fertiliser. The mud-based
substrate system consistently produced higher biomass, particularly at the highest salinity levels
(35 PSU), compared to the semi-hydroponics system. It also showed enhanced biochemical
properties, including ash, mineral and protein content, aside of high accumulation of secondary
metabolites. These outcomes indicate that the mud-based substrate system supports S. ramosissima
growth effectively in highly saline conditions, likely due to higher nutrient availability. The semi-
hydroponics system showed higher sensitivity to salinity. While moderate salinities (20 PSU)
induced better growth, both lower (10 PSU) and higher salinities (35 PSU) led to slightly reduced
performance. The slightly reduced performance of the semi-hydroponics system highlights the
importance of appropriate nutrient supplementation. These findings suggest that the mud-based
substrate system tends to be more robust and better suited for environments with fluctuating or
high salinity, while the semi-hydroponics system may require more careful management of salinity
levels and nutrient inputs to ensure its consistent productivity. Future research recommendations
include the use of larger sample sizes, germination and growing of seeds, cutting of shoots similar
to methods of commercial farms, longer cultivation trial such as a full cultivation season, analysing
of nutrients present in both wastewater and mud from settling pond and lastly, further investigation
into non-edible biomass use for fish feed additives. In conclusion, the use and integration of the
halophyte S. ramosissima as an effective component to valorise aquaculture effluents shows
promise. It has the potential to promote circular economy and to reduce freshwater use whilst

valorising aquaculture effluents as a biofilter and produce valuable crop biomass.
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