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ABSTRACT

Phytoplankton play an important role in the Southern Ocean food web being the primary
producers of food, particularly in winter, and partaking in the uptake of CO; from the atmosphere
via photosynthesis. Despite being photosynthetic organisms, phytoplankton survive at the bottom
of sea ice where there is very little irradiance for up to 6 months. Sea ice phytoplankton are
understudied. This is mainly because in situ studies on sea ice are not only expensive but
logistically difficult. Some researchers have elected to bring sea ice phytoplankton from the
Southern Ocean to land-based facilities. This has seen some logistical difficulties as it meant
either changing the habitat phytoplankton would have been for transportation, thus changing the
species originally found in the Southern Ocean or transporting phytoplankton in ice cores and

losing species due to brine drainage or osmotic stress from temperature changes in the core.

The objectives of this study were to optimize a previously designed hybrid tank for the purpose of
obtaining and preserving phytoplankton species from the Marginal Ice Zone of the Southern
Ocean to land-based facilities. The study also included design of an environmental chamber to
be used for housing phytoplankton obtained during experimentation. Responses to temperature
and irradiance variation on phytoplankton from the Marginal Ice Zone of the Southern Ocean were

then evaluated using the designed environmental chamber.

The solid-liquid hybrid system known as the hybrid tank was successfully optimized by reducing
the size of the tank, adding irradiation to the tank, and making improvements to the sampling
protocol. The tank was used to obtain ice cores from the Southern Ocean to the University of
Cape Town in winter 2022. Post the winter cruise one hybrid tank sample was melted, and
microscopic analysis conducted on the sample. In comparison with transportation of
phytoplankton in a solid core and in a liquid melt in the dark, the hybrid tank resulted in an increase
in phytoplankton cell concentration. Furthermore, the optimized hybrid tank improved
preservation of species transported when compared to the initial tank. A desktop environmental
chamber made from Perspex and insulated with polystyrene was successfully designed. The
environmental chamber offers temperature and irradiation control by making use of a cold plate
attached to a chiller and an LED light. Experiments conducted on the diatom species revealed
that all the sea ice species were shade adaptive being photo inhibited at irradiances beyond
42umolm=2s? with the exception of Navicula spp, Cylindrotheca closterium and the unidentified

pennates. The diatom species also preferred warmer environments i.e., 8°C to 5°C.
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1 INTRODUCTION
1.1 Background

In polar regions, the cooling of seawater below the freezing point initiates the formation of sea
ice. A significant aspect of this process involves the extraction of phytoplankton from the
seawater, concentrating them within the sea ice (Thomas and Dieckmann, 2009). Phytoplankton
are photosynthetic organisms that play a crucial role in mitigating climate change. CO. drawdown
in the Southern Ocean is by a large part via phytoplankton photosynthesis and transportation of
the sequestered carbon to the deep ocean (the biological pump) (Le Quéré et al., 2007). The
world’s oceans are estimated to take up between 25 and 30% of the carbon dioxide (COy)
released in the atmosphere. Of this, up to 40% is estimated to be from the Southern Ocean.
Research estimates that 10% of the 40% uptake from the Southern Ocean is via the biological

pump (Deppeler and Davidson, 2017).

In addition to the biological pump, phytoplankton also partake in increasing reflectance of solar
radiation as a result of cloud nucleation. Dinoflagellates, a type of phytoplankton, synthesize
dimethylsulfoniopropiothetin (DMSP), forming dimethylsulfide (DMS) upon enzymatic cleavage.
Oxidation of DMS in the atmosphere results in the formation of sulfate aerosols leading to cloud
nucleation (Charlson et al., 1987). Alongside reducing the effects of climate change,
phytoplankton are part of the primary production in the Southern Ocean and, are at the base of
the food chain. The majority of phytoplankton are grazed by micro heterotrophs or degraded by
bacteria (Kohlbach et al., 2017).

Before comprehending the impact of climate change on the ecological dynamics of phytoplankton,
it is essential to grasp the current operational characteristics of phytoplankton communities.
Despite being photosynthetic organisms, phytoplankton exhibit the ability to endure extended
periods of darkness during winter, particularly within ice environments, an intriguing phenomenon
that remains shrouded in mystery (McMinn, Martin and Ryan, 2010). Research indicates that
phytoplankton productivity approaches zero in winter, possibly due to diminished light availability.
However, even in ice-free zones during summer, where ample light and nutrients are presumed
to be present, there is reported low phytoplankton productivity (Smith et al., 2000). Several studies
propose that during summer, nutrient availability declines, and deep vertical mixing diminishes

the exposure of phytoplankton to light, consequently impeding their growth rate (McMinn, Martin
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and Ryan, 2010). Noteworthy is the observation of a substantial phytoplankton bloom in spring,
attributed to the vertical stability facilitated by melting ice and the provision of optimal light
conditions (Smith et al., 2000). The responses of different phytoplankton species to variable
environmental conditions are species-specific and largely unexplored. Understanding these
responses, mostly unknown at present, holds significance for estimating the bio-productivity of

the Southern Ocean.

In situ monitoring of phytoplankton, though well-established is expensive, relies on the safety of
humans, and is mostly limited by equipment. Additionally, in situ monitoring has to be undertaken
in calm and stable conditions, which is not always possible in the Southern Ocean. Recognizing
these challenges, it is therefore necessary for phytoplankton species to be transported to land
facilities and investigated. Hambrock, Rampai and Walker (2021) designed a hybrid system,
composed of sea ice and seawater to simulate environmental conditions phytoplankton species
would have lived in, when being transported to land facilities. Though some preliminary success
was realized with the hybrid system, there are aspects of the initial design that need optimization
to better simulate environmental conditions for the sea ice algae, thus preserve the community
compositions. Therefore, the focus of this study was on developing and/or optimizing techniques,
equipment and methodologies for land based experiments with Antarctic sea ice
algae/phytoplankton from the Marginal Ice Zone (MIZ) of the Southern Ocean.

1.2 Scope and Limitations

The scope of this work was limited to 3 main technical developments; 1) to optimize the existing
hybrid system, 2) design an Environmental Chamber (EC) that will allow controlled conditions for
these specific algae, and 3) develop preliminary methodologies and protocol for experimentations
with sea ice algae in the designed environmental chamber. Optimization of the hybrid tank
excluded environmental conditions such as snow cover, wind and turbulence as these could not
be investigated due to logistical or timeline limitations. It should be noted that the optimization of
the hybrid system is dependent on the availability of the SA Agulhus Il to the MIZ, and this was
beyond the control of the researchers as it is a national infrastructure and, the COVID pandemic
limiting number of possible research expeditions. The design of the EC was limited to
temperature, irradiance and humidity as these, in addition to nutrients, were identified as the most

important factors in sea ice algae growth. This was also due to the limited time for this project.



These preliminary factors can further be supplemented with introduction of ice in the aquaria and
agitation to the system. Lastly, the experimental protocol and investigation for sea ice algae in the
environmental chamber were also largely focused on what the technical limitations of the EC were
and what the working parameters were. Some preliminary conclusions on how the sea ice algae
are affected by irradiance and temperature could be drawn, however, these are subject to the
limitations of the EC. Moreover, the sea ice algae experimented on in the EC were from the
Southern Ocean Seasonal Experiment (SCALE) spring cruise of 2019. This was due to that; these
were the available cultures when the project commenced. In 2022 winter, the researchers had an
opportunity to use the optimized hybrid system to collect more sea ice algae, however, since
these communities were different from those already experimented on, the researchers continued
with the spring 2019 cultures as restarting the investigation would extend the project to
unreasonable timelines. The winter 2022 cultures were used for the subsequent project that

focused on optimizing the limitations of the EC, and protocols, designed in this project.



2 LITERATURE REVIEW

2.1 Background to sea ice and the significance of sea ice on

phytoplankton

Cooling ocean waters to below the freezing point of water i.e. -1.8°C for the Antarctic salty waters,
results in the formation of sea ice (Timco and Weeks, 2010). Sea ice can be visualized as a thin
blanket covering the ocean surface because of interactions between heat flux, moisture, and
momentum across the atmosphere-ocean interface. The polar region with Arctic waters sees the
formation of the Arctic sea ice, while the southern region with the Southern Ocean forms the
Antarctic sea ice (Thomas and Dieckmann, 2009). The Arctic is characterized as an ocean basin
mostly enclosed by land, whereas the Antarctic is a continent encircled by the ocean. The current
understanding of sea ice primarily pertains to the Arctic and is not directly applicable to the
Antarctic due to variations in environmental conditions (Timco and Weeks, 2010).

The formation of sea ice begins with the development of ice crystals known as frazil ice. In calm
conditions, such as those found in the Arctic, these crystals conglomerate to form a thin layer of
sea ice called nilas, which continues to grow as water molecules bind to the ice surface under
freezing conditions. In contrast, under strong wave and wind action, particularly in the Southern
Ocean's Marginal Ice Zone, frazil crystals coalesce into a sludge-like structure referred to as
grease ice (Ackley and Sullivan, 1994). As this grease ice thickens, it forms larger masses with
rounded edges, known as pancake ice, which eventually consolidate into ice sheets (Weeks and
Ackley, 1986).

When ice formation exceeds 30 to 40% in the Southern Ocean and freezing temperatures persist,
a fully consolidated frazil-dominated ice sheet develops. Due to the proximity of this advancing
ice sheet to the open ocean, wave fields can penetrate the ice cover as a result of the surface-
wind interface (Ackley and Weeks, 1990). Continuous winds lead to the rafting of pancake ice,
creating new patches of open water. Waves further infiltrate these open areas until the energy is
insufficient to cause additional rafting, typically reached when pancake floes attain a thickness of
0.4 to 0.6m. The formation of pancake ice is a critical process at the advancing ice edge in the
Southern Ocean (Ackley and Weeks, 1990; Convey, 2006).



As sea ice formation progresses, consolidated ice sheets develop into columnar ice. This
columnar ice extends from the lower margin of the ice into the water column. The lower portion of
the columnar ice, which is highly porous, maintains a temperature just below the freezing point of
water and is referred to as the skeletal layer (Figure 2-2) (Thomas and Dieckmann, 2009).

Figure 2-1: A) Consolidated Ice in the Southern Ocean at 59° 30 615S; 00° 24 997°W on the 22" of July 2022 B)
Pancake ice in the Southern Ocean at 59° 09 320°S; 00°52 298°E on the 19 of July 2022

Sea ice provides a platform for which sea ice algae can be suspended in the upper ocean where
there is sufficient light for growth (Thomas and Dieckmann, 2009). In the Southern Ocean, sea
ice formation begins in autumn (Louw, Walker and Fawcett, 2022). Surface waters consist of
substantial microbial populations from the prior spring. This is such that when frazil ice forms,
microalgae, protists, and bacteria are scavenged from the water, being incorporated into the ice
as crystals rise to the surface (Garrison, Close and Reimnitz, 1989). Weeks and Ackley (1982)
suggest that a high concentration of organisms is found in young ice because frazil ice crystals
form on suspended particles. These particles adhere to the ice crystals as they rise to the surface.
In some instances, young frazil ice has been found to consist of over 50 times particle
concentrations than the underlying seawater with diatoms mostly observed (Thomas and
Dieckmann, 2009). Eicken (1992) suggests that raphe-containing species such as diatoms might
be favored during frazil ice formation due to cells being inherently sticky.
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Figure 2-2: Highly idealized illustration of a) pack ice and b) land-fast ice showing the location of algal communities
(Thomas and Dieckmann, 2009)

After initial sea ice formation, the biodiversity of sea-ice biota is likely to resemble that of the water
they were recruited from. Thereafter dominance of species such as psychrophilic bacteria are
likely to develop. Species that reside in sea ice (specifically diatoms) increase after the ice age
(Arrigo, 2016). Ice algae communities can be categorized according to the three segments
namely: surface, interior, and bottom ice layers (Horner et al., 1992). The greatest portion of sea
ice microalgae resides in the bottom 0.2m of the ice sheet. This is where environmental conditions
are stable and favorable for growth (Kaartokallio et al., 2006) and is in close proximity to
underlying surface water containing essential nutrients for algal growth (Arrigo, 2016). This is the

bottom ice community which mostly resides in the skeletal layer (Arrigo and Sullivan, 1992).

Microalgae have also been found and collected from the upper 1-1.5m of sea ice in McMurdo
Sound (Kottmeier and Sullivan, 1988). This is known as the internal community and is subjected
to large environmental fluctuations (Lizotte and Sullivan, 1991). Although these communities have
sufficient light availability, nutrient availability is often restricted. Nutrients are often provided by
seawater infiltrating the freeboard layer of the ice (Kattner et al., 2004). The supply of nutrients to
algae depends on the porosity of the surrounding ice. For algae growing at the snow interface,
surface flooding because of snow loadings results in the supply of nutrients (Wadhams, Lange
and Ackley, 1987). Snow cover reduces the amount of light available for algal growth however it
is partially responsible for providing nutrients to the surface community (Arrigo et al., 1997).
Phytoplankton community organization in sea ice is related to the extinction of light (Margalef,
1978). Distribution of phytoplankton in ice is controlled by brine-salinity characteristics in the ice
interior and the availability of nutrients (Figure 2-2) (Arrigo and Sullivan, 1992; Louw, Walker and
Fawcett, 2022; Van Leeuwe et al., 2018).



2.2 Ecological importance of phytoplankton

Phytoplankton blooms occur in the ice zones and are said to contribute to total primary productivity
in the Southern Ocean. The Southern Ocean sustains high populations of krills, sea birds, and
seals (Nelson and Smith, 1986). Krill spawn during the summer months, specifically from
December to March, and their larvae rely on ice algae as a food source, grazing beneath ice floes
during the winter (Smetacek, Scharek and Ndéthig, 1990).
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Figure 2-3: An illustration of the Antarctic food web (Learnz, 2021)

The transfer of carbon from phytoplankton to primary carnivores (krill) is estimated to be 30%.
Nelson and Smith (1986) have suggested that at least 10% of carbon produced by phytoplankton
is consumed as krill by seals and other carnivores. Phytoplankton are therefore at the base of the
food chain, feeding krills which subsequently provide food to larger carnivores (Figure 2-3).
Kohlbach et al. (2017) highlight that the Antarctic krill, Euphausia superba, is regarded as one of
the Antarctic’s invaluable primary food sources considering its ecological importance in providing
a large magnitude of dietary carbon to fish, marine mammals, and seabirds. Global silicon
budgets suggest that the ecological and geochemical impact of phytoplankton productivity is

greater in the Southern Ocean than in other oceanic systems (Nelson and Smith, 1986).



Sea ice algal assemblies are virtually fixed spaces that can be revisited repeatedly as opposed
to studying planktonic systems. Within the sea ice, the incident irradiance, temperature, and
salinity are relatively constant and losses due to grazing appear to be minor (Cota and Smith,
1991). This gives ice algae an advantageous edge when looking into the ecology of the polar

regions.

Sea ice algae concentrations in ice are up to 80 times those found in the water column. Sea ice
algae are important as they provide a carbon export pathway from surface waters to the deep
ocean. Itis approximated that up to a quarter of human activity-related carbon dioxide is absorbed
by the oceans. Of this absorbed carbon dioxide, 12% is attributed to the polar regions with sea
ice algae and sea ice processes accounting for 0.9% of global carbon fixation (Le Quéré et al.,
2016).

2.2.1 Categorization of phytoplankton protist groups in seaice

The protist groups in sea ice are predominantly photoautotrophic i.e., they capture energy from
light via photosynthesis. Studies show that in the Southern Ocean, diatoms make up > 90% of
the photosynthetic organism diversity in sea ice. In both the Antarctic and the Arctic, diatoms
show a wide range of species (Lizotte, 2003). Their frustules (readily preserved cell walls), made
up of silicon have been attributed to them being described in detail. Sea ice also harbors

dinoflagellates, amoebas, and ciliates (Lizzotte, 2003).

In general, phytoplankton species abundance is said to be in the bottom ice communities as
opposed to top ice. Diatoms are observed to dominate interior ice communities confined to brine
channel networks beneath ice covers, while flagellates dominate the brackish waters of surface
melt ponds (Mundy et al., 2011). Diatoms vary in size but generally represent the predominant
portion of the ‘larger phytoplankton size fraction’ in marine surface water communities. (Huisman
and Sommeijer, 2002). In the Southern Ocean, pennate diatoms comprise of up to 90% of the ice
flora, being the most abundant microalgae in sea ice (Petrou et al., 2011). Species of pennate
genera Nitzschia, Fragilariopsis, and Navicula are generally observed forming both long chains
or large unicellular cells (>20um) (Arrigo, 2016; Louw, Walker and Fawcett, 2022). Large blooms
of centric diatoms i.e., Porosira and Thalassiosira have also been observed in the Antarctic
(Lizotte and Sullivan, 1992; Louw, Walker and Fawcett, 2022). In sea ice assemblages, centric

diatoms occur under specified conditions, an example is the entrainment of Chaetoceros which
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is seen in newly formed ice in autumn (Arrigo, 2016). Centric diatoms dominate young ice while
pennate diatoms dominate old ice (Kauko et al., 2018; Lizotte, 2003; Thomas and Dieckmann,
2009). Centric diatoms also outcompete pennate diatoms under nutrient-deplete-high light
conditions (Campbell et al., 2018).

2.3 Parameters that affect phytoplankton growth: in situ

investigations

The factors influencing the growth and biomass productivity of phytoplankton in the Southern
Ocean remain insufficiently understood. While some argue that radiation primarily governs
phytoplankton growth, others propose that the nutrient iron serves as a limiting factor for
phytoplankton in this region (Smith Jr, et al., 1996). Arrigo et al. (1997) contend that, in sea ice,
primary productivity is low, and nutrient uptake is regulated by light availability. The Southern
Ocean's limited research has led to incomplete knowledge, contributing to inaccuracies in

depicting ecological communities and their significance (Chapman et al., 2020).

2.3.1 Nutrient types and availability

Sea ice phytoplankton obtain their nutrients from the brine channels and, in the channels,
nutrients are supplemented by surface flooding on the ice (Gradinger, 2009). As algae use the
organic and inorganic nutrients in the brine channels and pockets, limitations of algal growth within
the ice are foreseen during periods of peak production (Meiners and Michel, 2016). Nutrient
exchange for phytoplankton in ice is a function of surface flooding and ice porosity (Gradinger,
2009). The distribution of nutrients in the brine channels is determined by the local composition
of seawater. While the bulk salinity of sea ice is relatively low compared to the underlying water,
resulting in lower bulk concentrations of nutrients within the sea ice, the concentrated nutrients
within brine channels create an environment for sea ice algae with higher nutrient concentrations

than those found in the water column (Meiners and Michel, 2016).

Phytoplankton growth relies on carbon, nitrate, phosphate, and for diatoms, silicate. These
nutrients are primarily available in inorganic forms in seawater (Thomas and Dieckmann, 2009).

Studies indicate that while Antarctic waters are typically rich in nutrients, Silicate is often the



primary limiting factor for diatom growth during the later stages of a bloom (Thomas and
Dieckmann, 2009). Hayes et al. (1984) found that nutrient availability—including Nitrate,
Phosphate, Silicate, trace metals, and vitamins—does not significantly control phytoplankton
abundance south of the Polar Front. However, Smith Jr. et al. (1996) highlighted that the
relationship between silicic acid and chlorophyll a underscores the importance of nutrients in
phytoplankton growth, suggesting the need for further research. Meiners and Michel (2016) noted
that the lack of macronutrients, particularly Nitrate and Silicic acid, can adversely affect sea ice
algae communities, particularly impacting diatom growth. Additionally, Massom and Stammerjohn
(2010) and Arrigo (2017) identified nutrients, especially the micronutrient iron, as the primary

factor limiting growth in pack ice communities, including surface and interior microhabitats.

In Arctic waters, nitrate depletion is reported to drive shifts from diatom-dominated to flagellate-
dominated phytoplankton assemblages (Ardyna et al., 2011). High NO3s~ and low Si(OH). waters,
i.e., having a NOs: Si(OH)s molar ratios >1 can drive assemblage shifts from diatom
to Phaeocystis dominance in sea ice-covered areas (Ardyna et al., 2020). The C: N ratio between
different phytoplankton varies much less than either C: Si or C: P ratios, as such diatoms can
likely grow to greater biomass on the same N inventory than other taxa, and thus both winter
water Si(OH)s and PO.*" concentrations, and Si(OH).: NOs~ and NO3z™: PO.* drawdown ratios,
are good predictors of bloom magnitude (Ardyna et al., 2020). It is thought that diatoms flourish
in upwelling regions as they can outcompete other phytoplankton for newly upwelled NO3
(Dugdale and Wilkerson, 1991), with Malone (1980) first linking the success of large
phytoplankton (>20 pm) in upwelling regimes specifically to nitrate utilization.

2.3.2 Temperature, salinity and irradiance variations

Microorganisms residing within sea ice are exposed to pronounced gradients in temperature,
salinity, and irradiance. In the brine channels of ice, temperatures can range from -2°C to -8°C
(Duncan and Petrou, 2022). In contrast, the ice-water interface, specifically the skeletal layer,
provides relatively mild and stable conditions for algae, with temperatures around -1.8°C that
remain consistent throughout the spring. Fluctuations in brine channel temperatures are critical in

shaping the communities of sea ice algae in the Antarctic region (Duncan and Petrou, 2022).
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In situ, studies have revealed that some Antarctic sea ice algae can photosynthesize below -8°C
and at 110psu in autumn. Notably, the centric diatom Chaetoceros demonstrated resilience by
thriving at temperatures as frigid as -17°C and in saline conditions reaching 196psu (Mock and
Thomas, 2005). The diatoms Nitzschia frigida and Thalassiosira antarctica grew rapidly between
-4°C and -6°C (Aletsee and Jahnke, 1992). It is noteworthy that the responses of these sea ice
algae to varying temperature and salinity conditions are distinctly species-dependent, as
highlighted in the study by Mock and Thomas (2005). This diversity in reactions underscores the
adaptability of Antarctic sea ice algae to extreme conditions and emphasizes the importance of

considering species-specific dynamics in understanding polar marine ecosystems.

Furthermore, phytoplankton species from both polar and temperate regions often exhibit optimal
growth temperatures that are significantly higher than the mean annual temperatures of their
habitats (Yan et al., 2019). Previous research indicates that most ice diatoms are capable of
tolerating temperatures up to 8°C (Yan et al., 2019; Fiala and Oriol, 1990). This finding suggests
that while sea ice algae can endure harsh conditions, their growth potential may be limited by
temperature constraints, thereby influencing community composition and productivity in sea ice

environments.

Salinity levels in Antarctic sea ice typically range from 5 to 70psu, often exceeding three times
that of the surrounding surface waters (Torstensson et al., 2019). Notably, salinity values of up to
173psu have been recorded in McMurdo Sound Bay (Arrigo, 2017). The salinity of brine is
generally much higher than that of seawater due to the thermodynamic equilibrium between pure
ice and brine at the ice temperature. Consequently, temperature and salinity in sea ice can reach
extreme levels and may fluctuate significantly over short time periods (Ewert and Deming, 2013).
As a result, microalgae within sea ice must acclimate to these dynamic environmental conditions,
and some species may struggle to survive and thrive in these habitats This can lead to notable

differences in algal composition between sea ice and adjacent seawater (Yan et al., 2022).

The Antarctic has close to 6 months of winter. The light levels are very low during this time and
the presence of sea ice cover further exacerbates the light levels such that phytoplankton receive
< 1% of surface irradiance (McMinn, Martin and Ryan, 2010, Hancke et al., 2018). Studies have
shown that phytoplankton can survive for long periods of darkness, resuming photosynthesis
within 24 hours after experiencing darkness for 6 months. However, chlorophyll a levels suggest

that the quantity of phytoplankton able to survive these conditions is low. The surviving
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phytoplankton is however important in seeding phytoplankton bloom in spring (McMinn, Martin

and Ryan, 2010).

In ice, light levels are not equal from the top to the bottom of the ice. Studies have shown that, for

under-ice algae communities, bloom can begin at irradiances as low as 0.17umolm=2s. At this

irradiance the chlorophyll a was detected to be 0.001mg/m? and par transmittance was < 1 %.

Increasing light attenuation was observed at wavelengths > 500nm and < 750nm ( e) (Hancke et

al., 2018).
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Figure 2-4: Measured spectral irradiance at the Wandel Sea through the snow cover and under sea ice and the
corresponding attenuation coefficients (Kd). (a) Profile of PAR (error bars are C.V); (b) profile of Kapar; (c) E(A) at
different depth in the snow cover (see figure legend); and (d) correspond Kqpy(data represent lower depth). (e) E(A)
under the sea ice (purple) and 0.35 m above in the snow (lowest good measure) and (f) correspond Kqg). Surface
PAR of 750umol photonsm2s~}(Hancke et al., 2018).

Studies in the MIZ of the northwestern Weddell Sea have shown that enhanced primary

production is usually during ice melting of a vertically stable upper layer of ice resulting in the
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production of meltwater and subsequent seeding. Melt ponds allow light to reach phytoplankton
(Lancelot et al., 1993). The phytoplankton bloom appears to be initiated when vertical stability is
imparted in austral spring. Studies conducted by investigating the relationship between
chlorophyll a and particulate carbon showed that increasing irradiances are associated with
increasing photosynthetic biomass (Horvat et al., 2022; Smith et al., 2000). Arrigo et al. (1997)
observed that an increase in light availability in the Southern Ocean in November (spring)
increased phytoplankton biomass production. The increase is attributed to increased light levels
for phytoplankton cells and the creation of a vertically stable environment while the removal of

sea ice is ongoing.

Arrigo et al. (1997) showed that phytoplankton production in the Southern Ocean mostly occurs
from October to February and annual primary production was 27 times more in first-year sea ice
when compared to multiyear sea ice. Lancelot et al. (1993) showed that deep-mixed sea ice free
zones are not exceptionally phytoplankton productive despite high nutrient availability. After
leaving the sea ice habitat, phytoplankton species either continue to grow in sea water or
disappear from the water column over time (Mundy et al., 2011). In summer, Arrigo et al. (1997)
observed that algal growth is limited, and suggested that this was a result of a decrease in
availability of nutrients. Smith Jr et al. (2000) suggested that, in addition to nutrient limitation, deep
vertical mixing in ice free zones limits the total assemblage of irradiance on phytoplankton thus
reducing daily growth. High phytoplankton concentrations are often associated with hydrographic
features such as the presence of sea ice (Hayes, Whitaker and Fogg, 1984). It is now well
understood that vertical stability is a necessity to initiate phytoplankton ice edge bloom however

not a sufficient condition to sustain high biomass development (Lancelot, et al., 1993).

Mangoni et al. (2009) found that when bottom ice algae communities that are acclimatized to low
light levels i.e., 7-9umolm2s?, are subjected to high irradiances, they incur significant photo
damage. There were notable substantial differences in the adaptability of different algae to
environmental change (Mangoni et al., 2009). Additionally, Palmisano et al. (1985) noted that
some Antarctic sea ice species become photo-inhibited at irradiances which are more than
25umolm=s? confirming the shade adaptive nature of bottom ice algae communities. Other
diatom species, however, needed time to adapt from low to high irradiances (100-800pumolm-2s-
1). Phytoplankton species with a high ability to generate the non-photosynthetic quenching (NPQ)

parameter can cope with greater irradiances as transition from spring to summer occurs. NPQ
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reflects the ability of a species to dissipate excess light energy generated during photosynthesis.
It is these species that become commonly found after winter (McMinn, Martin and Ryan, 2010).

When temperatures decrease in February (in the Southern Ocean), productivity in sea ice
decreases as ice porosity decreases to below the threshold required for nutrient exchange (Arrigo
et al., 1997). Smith Jr et al. (2000) observed that in the Southern Ocean, carbon assimilation
decreased rapidly in austral autumn and approached zero when ice formed. As the amount of
light decreases, organisms must acclimate to such light conditions. Extreme low acclimation is
accomplished by an increase in photosynthetic efficiency of organisms (Smith Jr et al., 2000).
This is achieved by increasing accessory photosynthetic pigments. Accessory photosynthetic
pigments are increased relative to the main photosynthetic pigment, chlorophyll a, to allow the
cell to enhance light harvesting at the wavelengths of light penetrating the ice. Diatoms are also
observed to acclimate to low radiance by increasing the number of photosynthetic units per cell
(Thomas and Dieckmann, 2009).

In sea ice environments, significant fluctuations occur in key abiotic factors, including temperature
(~ -20°C to -1.8°C; Petrich and Eicken, 2017), salinity (ranging from 25 to 170psu; Arrigo et al.,
2010), and light availability (0 to 1000 ymolm=2s™; Galindo et al., 2017). These variations can
significantly influence the photosynthetic efficiency of ice algae. Importantly, these abiotic
parameters are not independent; rather, they often interact as multiple co-stressors, which can
complicate their individual effects on algal physiology (McMinn et al., 2017). Understanding these
dynamics is crucial for elucidating the resilience and adaptability of ice algal communities in

response to changing environmental conditions.

2.3.3 Sympagic environment and symbiotic relationships

Changes in sea-ice biochemistry, influenced by high sea-ice algae biomass, partly determine the
composition of algae species communities. These changes affect sea-ice brine chemistry,
including nutrient availability, salt concentrations, and pH levels (Arrigo and Thomas, 2004). A
robust biological community can further alter the surrounding sympagic environment through
increased photosynthesis. Primary production and high algal biomass change brine channel
chemistry by increasing oxygen levels, depleting CO, levels, and making the environment more

alkaline (can increase to a pH of 10) (Thomas and Dieckmann, 2002). Other expected changes
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include higher ammonium levels, increased dissolved particulate organic matter (POM), and lower
nutrient concentrations (Thomas and Dieckmann, 2002). While environmental factors such as pH,
CO, concentration, and UV radiation are often not investigated due to their perceived limited
effects (Arrigo et al., 2017), the increasing input of anthropogenic CO, into the atmosphere poses
serious implications for marine ecosystems, particularly in polar regions where adverse effects

are likely to be more pronounced (Torstensson et al., 2015).

The Southern Ocean ecosystems contain a microbial assemblage of algae, protozoans, and
bacteria which serve as the primary energy source for Antarctic organisms (Andreoli et al., 2000).
In the spring, when sea ice is still near its maximum extent, algae form distinct, banded
assemblages within the ice matrix. As these algal blooms develop, bacterial growth within the ice
accelerates. Many sea-ice bacteria are epiphytic and depend on the organic matter produced by
algae (Bowman and Demming, 2017). However, sea ice bacteria and algae interact both
synergistically and antagonistically, depending on resource availability and the specific stressors
of the sea ice environment. The study of bacterial production (BP) in sea ice has been limited by
the temperature sensitivity of indigenous bacteria, many of which are psychrophiles that cease
growth well below room temperature (Junge et al., 2002). Despite these challenges, a synthesis
of existing data on BP and primary production reveals that while BP in sea ice shows a poor
correlation with primary production, it has a strong and variable relationship with chlorophyll a
levels. Specifically, there is a positive correlation with chlorophyll a concentrations below 50 mg

m™ and a negative correlation above this threshold (Bowman and Ducklow, 2015).

2.4 Lab based experiments on Parameters that affect

phytoplankton growth

In situ monitoring of sea ice algae, however established, presents several challenges which in
turn suggest the need for laboratory experimentation. The harsh winter climate experienced in
the Southern Ocean renders it largely inaccessible, particularly over long periods, and costly for
field sampling. Oxygen monitoring methods (Miller et al., 2015) as well as diving-assisted sub-
sampling methods (McMinn and Hegseth, 2007) are restricted by their lack of vertical and
horizontal measurement accuracy, respectively. Deployment of these methods is also very reliant

on calm and stable conditions for the safety of scientists and considering the limitations of
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equipment on and underneath the ice. This makes in situ monitoring challenging for studies on
sea ice algae bloom where the ice has substantially melted as well as on pancake ice.

Vancoppenolle and Tedesco (2016) noted that laboratory-based experimentation on sea ice algae
behavior is lacking, but it can aid in reducing the uncertainty of the current biogeochemistry sea-
ice models, and consequently earth system models. In addition, they noted that sea ice algae are
understudied and this limits confidence in estimations of overall sea ice productivity. To conduct
these investigations as robustly as possible, two factors need to be undertaken with care; 1)
transportation of the sea ice algae and 2) careful control of the environment in which these
experiments are conducted. Ryan et al. (2011) emphasize that most studies involve releasing
algae from ice and measuring their stress responses in artificial culture technigues which
potentially damages cells thus algae must be studied in situ. However, certain claims about
species behavior can only be made when the number of variables is reduced and isolated species
are experimented on. Overlap between liquid cultures and in situ algae behavior needs to be
proven and discrepancies noted. Considering the vastly differing weather conditions in the
Antarctic, it may be challenging to relate liquid culture behaviors to specific locations, hence,
Vancoppenolle and Tedesco, (2016) and Ryan et al. (2011) also advocate for in situ studies.

2.4.1 Transportation methods of sea ice algae

During the transportation of sea ice algae, the survival of phytoplankton is dependent on keeping
the conditions similar to their in situ conditions. Currently, there are three ways of transporting sea

ice phytoplankton from the polar regions to land, and these are discussed below.
2.4.1.1 Transportation in solid sea ice form

One way of transporting phytoplankton to land is in the solid sea ice form as obtained from the
Ocean. Transportation of an ice core was done from the Sea of Okhotsk. Post-coring, the sampled
cores were immediately covered with polyethylene bags to prevent light penetration to the core
during transportation/storage in a freezer for three weeks. The temperature of the core
immediately after coring was -4.7°C at the top to -1.87°C at the bottom of the core (Yan et al.,
2020). The core was stored at -5°C as the threshold for fluid permeability in sea ice is said to be
at -5°C for sea ice with a bulk salinity of 5psu (Ewert and Deming, 2013). Lower temperatures are

therefore assumed to cause much more cell death when there is long transportation or storage.
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Transporting the core at a higher temperature may lead to loss of brine due to brine drainage in
solid form (Cox and Weeks, 1986).

Sea ice has a non-uniform temperature profile. The sea ice directly in contact with sea water will
approximate that temperature, while sea ice closer to the surface approximates the temperature
of snow or the surrounding air. Quick changes to the temperature of an ice core result in changes
to the brine salinity thus introducing osmotic stress to ice algae. Osmotic stress has been directly
linked to the death of ice algae affecting species differently, but least affecting diatoms (Thomas,
2017). Cooling the core to a uniform temperature, rather than a temperature gradient found in
situ, may lead to the degradation of community species. Kauko et al. (2018) noted that species
sensitive to osmotic stress frequently inhabit the lower segments of the sea ice where the
temperature is warmer. The top and bottom of a sea-ice core typically have higher bulk salinities
than the centre of the core, resulting in salinity profiles often being C-shaped (Thomas, 2017).
The top and bottom of the ice core also contain the largest fraction of ice algae (Ackley and
Sullivan, 1994; Thomas, 2017).

Hambrock, Rampai and Walker (2021) presented an opposing view to Cox and Weeks (1986)
investigation that salinity within an ice core does not change once the core reaches a storage
temperature of -20°C, suggesting that brine drainage still occurs in the ice cores during
transportation. Hambrock, Rampai and Walker (2021) also suggest that storing ice at any
temperature where brine exists results in deformation of the brine profile, and storing cores at -
5°C for three weeks will cause many changes to the ice community as at -5°C, sea ice is
permeable (Golden, Ackley and Lytle, 1998). Transportation as solid sea ice is advantageous as
there is no initial processing time and the only requirement is maintaining temperature the same

when ice cores are transported between ship and land storage facilities.

2.4.1.2 Transportation in melted sea water

Transportation of algae in melted sea water requires a much higher processing time when
compared to transportation in solid sea ice. However, it offers an opportunity for immediate
experimentation of algae and allows for access of algae to light, nutrients, and air. Sea ice
samples are melted immediately after extraction for transportation and, direct melting provides a
potential for osmotic stress resulting in degradation of algae. Grant and Horner (1976) and

Dawson et al. (2020) both employed immediate post-sampling melting of their sea ice. Campbell
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et al. (2019) developed methods to limit the osmotic stress algae experience. This means

immediate experimentation can be done, however more preparation beforehand is required.

Miller et al. (2015) note the lack of consensus in the scientific community when melting ice
samples. Campbell et al. (2019) highlight that within the scientific community, the melting of ice
cores is consistently done in the dark to avoid light stress on the shade acclimated algae;
however, melt procedures vary in the temperature and duration of melt. Rintala et al. (2014)
melted samples at room temperature and at 4°C. No significant difference in algal activity was
detected and it was therefore recommended that rapid melting be conducted to avoid the
influence of biological impacts such as the growth of bacteria. In contrast, Mikkelson and
Witkowski (2010) showed that melting ice samples at room temperature resulted in a low
abundance of the non-diatom cells concluding that rapid melting of ice samples at more than 4°C

should be avoided.

Overall, while transporting algae in melted seawater can expedite experimentation, it requires
careful planning and execution to mitigate the potential for osmotic stress and to maximize the
reliability of the results obtained. Balancing the immediacy of experimentation with the need for
careful processing remains a key consideration in this approach.

2.4.1.3 Hybrid system transportation

Transportation of phytoplankton involves either a solid medium only or a liquid medium only i.e.,
transportation is either within sea ice or within melted sea ice. Transportation in the solid medium
only faces challenges of brine loss, thus algal loss and fluctuations in the temperature of the core.
This means immediate experimentation on algae cannot be done as they must adapt to new
environmental conditions which may lead to change in the algal communities (Thomas, 2017; Yan
et al., 2020). Transportation in the liquid form may result in significant alteration in the community
composition resulting from post-melting production of algae which is linked to osmotic stress
(Grant and Horner, 1976). As such, a hybrid system was designed by (Hambrock, Rampai and
Walker, 2021) to alleviate some of the disadvantages of both these transportation methods. The
aim of the method was to preserve phytoplankton species compositions while increasing the algae
concentrations during transportation from the Southern Ocean to land based facilities for lab
based experiments (Hambrock, Rampai and Walker, 2021). The designed hybrid system explored

the ability to simulate the ice-ocean dynamics within the designed system. This was done by
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immersing collected cores in the filtered sea water from the same location in a specially designed
reactor that allows the filtered sea water to remain liquid and the sampled ice core to remain solid
and maintain the temperature gradient of the core. This closely mimics the conditions
phytoplankton have been living in, to improve survivability of species during transportation. This
method of transportation/storage was used only for the biologically active layer of the sea ice
(bottom 0.2m) and over longer periods (3 months). The hybrid system showed some preliminary
initial successes in maintaining algal community compositions while increasing their
concentrations, however, had some shortcomings regarding simulation and control of irradiation,
temperature control as well as introduction of nutrients to the system (Hambrock, Rampai and
Walker, 2021).

2.4.2 Simulation of in-situ environmental conditions for laboratory-

based experiments on seaice algae

Fiala & Oriol (1990) conducted investigations of temperature and light intensity on separated
Antarctic diatoms in a plant incubator. They cultured 7 species of diatoms (some ice-algae) found
in the Southern Ocean and found that optimal growth of the species occurred at 220umolm2s
and between 3°C and 5°C. The study however did not indicate how much, if any, adaptation time
the diatoms needed. Fiala and Oriol (1990) also note that the growth rate of the tested species
must be less than what is seen at 220umolm=s as they receive less than this amount in situ,
due to their rapid movements under turbulence. A combined effect of temperature and light was
noted as one of the limitations of Antarctic phytoplankton growth (Fiala and Oriol, 1990).
Additionally, Juhl and Krembs (2010) demonstrated that the diatom, Nitzschia frigida, can

acclimate to irradiances of up to 110pumolm2s?.

Studies conducted on sea ice algae in liquid cultures are mostly above 2°C and, sea ice algae
taxa cultured in liquid form demonstrate optimal growth at temperatures between 2°C and 6°C
(Torstensson et al., 2019; Schlie and Karsten, 2016). Sugie et al. (2020) demonstrated that higher
temperatures, increasing from 3°C to 5°C, enhanced the growth of most sea ice phytoplankton
traits, in particular diatoms. A lower salinity however has marginal effects on most phytoplankton
species (Sugie et al., 2020). In ice melt incubations, centric diatoms especially, Thalassiosira spp.
dominated the sea ice phytoplankton community while the pennate diatoms died. It was observed

that, in liquid incubations, the growth rate of pennate diatoms is 3.5 times slower than that of

19



centric diatoms (Yan et al., 2020). Smith Jr, Nelson and Mathot (1999) hypothesize that some sea
ice diatoms are adapted to low temperatures and are therefore genetically adapted to certain
maximum growth rates that cannot be exceeded.

The physiological activity of sea ice algae is sensitive to changes in ambient salt concentrations.
Photosynthetic capacity decreases as salinity moves away from sea water conditions. Antarctic
surface water in the Atlantic sector has a salinity of 34psu (Giuseppe Aulicino et al., 2018). When
exposed to extreme salinities, sea ice algae exhibit closure of photosystem reaction centers when
radiation is applied. Acclimation to either high or low salinity values is possible although the first
3 days of the experiment are characterized by a reduction in biomass and growth rates (Thomas
and Dieckmann, 2009). Ryan, Ralph and McMinn (2004) suggest that when experimenting on

sea ice phytoplankton, the ratio of the melted ice to filtered seawater should be at least (1:2).

Sea ice diatoms can maintain relatively high growth rates within a wide range of salinity i.e., 10 to
50psu, with maximum photosynthetic rates typically found at salinities comparable to ocean
surface water (Grant and Horner, 1976). An example of this was the culturing of the diatom
Nitzschia lecointei in nutrient-replete conditions and simultaneously increasing the temperature
from -1.8°C to 3°C while lowering salinity from 35 to 10psu. This resulted in increased cell
abundance (Torstensson et al., 2019). Table 2-1 gives a summary of the effect of salinity on sea
ice algae. The table gives a list of previous studies showing that most sea ice algae can maintain
normal photosynthesis and growth within a salinity range of 20-50psu (Yan et al., 2020).
Nevertheless, if not given enough time to acclimate to changes in salinity, sea ice algae are

susceptible to osmotic shock (Ryan et al., 2004).

20



Table 2-1: A summary of the effect of salinity on photosynthesis and growth of ice algae in previous studies.

Salinity
with almost o _
Salinity with
Culture Culture no
no
Diatoms used | temperature Salinity decrease in _ References
photosynthetic
(®) (psu) algal
growth (psu)
growth
(psu)
Ice algal
community
. Ryan et al.,
dominated by 2 10to 30 28-30 None
. 2004
Fragilariopsis
curta
Ice algal
community
dominated by
_ _ 16, 21, 35, Ralph et al.,
Nitzschia -0.7 35and 51 None
51 and 65 2007
stellate and
Fragilariopsis
curta
. _ Aletsee and
Nitzschia 73, 109,
o -8to -4 73 None Jahnke,
frigida 145
1992
Ice algal 0,12, 24 Ryan et al.,
_ -3 24 and 36 None
community and 36 2011
Ice algal
community Arrigo and
dominated by | -6,-2and 6 0 to 100 30to 50 100 Sullivan
Nitzschia (1992)
stellata

Barcelos e Ramos et al. (2017) conducted lab-based experiments on nutrient-specific responses
on phytoplankton communities in the North Atlantic Gyre. Single and combined nutrient pulse

enrichments were done on phytoplankton collected from sea water and, their responses were
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measured. Experiments were conducted in 1.5L bottles. The bottles were placed randomly such
that they were all exposed to an approximate temperature of 20°C and a light intensity of
2500pumolm2s? (Barcelos e Ramos et al., 2017). It is important to note, however, that the setup
of the bottles to receive light from the sun and have approximately the same temperature, does
not give confidence that light and temperature did not deviate within the bottles, any deviation in
temperature or light affects the algae. Aeration was also not considered in the experiment and

thus it can be assumed that lack of aeration altered the results of the experiments.

Experiments conducted in an incubator offer control over parameters such as temperature and
light, this enhances the confidence of results as one could change only one variable at a time to
decouple the effects of specific variables from the observed behavior. It is therefore vital that, for
laboratory-based experiments on sea ice algae, incubators such as environmental chambers be
utilized in order to make sound conclusions on algae species behavior in response to

environmental changes.

2.5 Design considerations for an Environmental Chamber for

laboratory-based experiments on sea ice algae

Environmental chambers are usually used when studying the impact the environment has on
animals or plants. The most commonly controlled variables are temperature, humidity, and air
flow (Lefcourt, Buell and Tasch, 2001). Temperature is an important phenomenon as most
biological processes are temperature-dependent. Humidity affects rates of heat transfer thus
respiration in plants and air flow is of critical importance in cases where gas fluxes must be
measured (Franklin, 1998). Lighting is also an important variable that can be adjusted in an
environmental chamber as light intensity directly affects plants (Lefcourt, Buell and Tasch, 2001).

2.5.1 Material of Construction

Assembly of most environmental chambers involves a casing fitted with insulation. Lefcourt, Buell
and Tasch (2001) designed a 10.5m long x 7.4m wide x 3.4m high environmental chamber which
had 10.2cm thick aluminum panels as the casing and contained injected foam insulation in the

interior. The environmental chamber was constructed to investigate the effect of environmental
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conditions on gaseous emissions. Ezike et al. (2018) designed a 210mm x 260mm x 360mm
environmental chamber with a 1mm thick aluminum sheet casing and expanded polystyrene as
the insulation. A low-cost and low-energy consuming chamber was constructed to be used in
laboratories with a scarce power supply. Aluminum is chosen as material of construction for the
casing due to it being relatively cheap and resistant to corrosion (Ezike et al., 2018). Expanded
polystyrene was chosen as it is a good thermal insulator with a low weight, low thermal
conductivity, and low cost (Franklin, 1998). Foam-filled panels have also been used to construct
an environmental chamber. The rigid and durable polyurethane foam-filled panels make use of
galvanized sheets as the casing providing both structural support and insulation to the chamber
(Lifferth, 2009). This is advantageous as paneling ensures durability and polyurethane has
significantly higher insulating values, but is more costly and harder to install (Installed Building
Contacts, 2017). Industrial-type chambers are commonly made of steel casing due to its durability
and insulated with fiberglass or mineral wool due to it being fire retardant and non-corrosive (IQS
Manufacturer Directory, 2019). The door of the environmental chamber should be fitted such that
it incurs minimal heat losses. Ezike et al. (2018) had rubber fitting on the front wall of the chamber
to create an airtight door that had minimal heat losses. A wooden bar was also used to reinforce
the door of the chamber.

2.5.2 Environmental controls and regulations

2.5.2.1 Temperature control

Air flow regulation within an environmental chamber depends on the size of the chamber. Walk in
chambers make use of ceiling ducts and exhaust ducts to allow for entry and exit of air (Lefcourt,
Buell and Tasch, 2001). Franklin (1998) notes that air flow must be decided when designing
environmental chambers and air movement that maintains optimum growth of the plant in the
chamber should be used. Morse and Evans (1962) suggest an air flow rate of between 0.3 and
0.7ms? in a plant growth chamber. Air movement within a chamber can be easily increased by

the use of fans or blowers but this depends on the size of the chamber (Franklin, 1998).

Environmental chambers employ two distinct methods for temperature control, each tailored to
specific operational requirements. For maintaining ambient room temperature, compressed air

systems are utilized, effectively sustaining temperatures within the range of 20-21°C (Darehshouri
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et al., 2020). In contrast, for cooler temperature requirements, Peltier elements are commonly
deployed in smaller environmental chambers. These thermoelectric coolers are particularly
advantageous for achieving precise temperature control in compact units (Greenspan et al., 2016.
For larger chambers, heat exchangers integrated within refrigeration cycles are employed,
allowing for the maintenance of significantly lower temperatures. (Darehshouri et al., 2020). In
most walk-in chambers heat exchangers operate with water or ethylene glycol depending on the
desired temperature, to cool the chambers (Franklin, 1998). An example of employing a
refrigeration cycle in humidity chambers is the Rankine refrigeration cycle. In this system, the
moisture present in the incoming air is utilized to lower the surface temperature of the evaporator
heat exchanger. By reducing the temperature to the point where the dew point of the room air is
reached, the air is effectively cooled. This cooling process not only condenses moisture but also
cools the condenser unit before the air is reheated prior to re-entering the chamber. The result is
processed air that is drier but at a higher temperature than its initial state. Consequently, this
method presents a challenge for temperature control within the chamber, as the chamber's overall

temperature may not be easily regulated in this configuration (Huang, Liao, and Kuo, 2007).

Lefcourt, Buel and Tasch (2001) designed a walk-in chamber that made use of a 20-ton cold
water chiller to cool the room to 2°C. The chiller made use of a mixture of propylene glycol and
water as the coolant. The primary control mechanism for both temperature and air flow in the
walk-in chamber was a simple Proportional, Integral Differential (PID) feedback loop control
subroutine. The input for the subroutine is a known setpoint together with its controlled variable
while the output is a process control variable (Lefcourt, Buell and Tasch, 2001). Franklin (1998)
suggests that temperature deviations of about 10°C inside an environmental chamber should

trigger an alarm so that the chamber is turned off quickly before irreparable damage occurs.

2.5.2.2 Lighting within an Environmental Chamber

Light Emitting Diodes (LED) have a spectral output of 620 to 680nm thus making them useful for
plant irradiation in chambers (Franklin, 1998). Ezike et al. (2018) makes use of 40W filament bulbs
in their desktop environmental chamber. It Is important to note, however, that the chamber was
solely for materials testing using light as a heat source (Ezike et al., 2018). In heating chambers,
infra-red lamps are used as a source of light and as a heat source within the chamber
(Darehshouri et al., 2020). The type of lighting used in a chamber is dependent on the size and

use of the chamber. Particular importance is placed on the spectral range of the light and its
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corresponding Photosynthetically active Photon Flux Density (PPFD) if the chamber houses
plants (Franklin, 1998).

2.6 Rationale of study

The ecological and geochemical impact of phytoplankton productivity is said to be greater in the
Southern Ocean than in any other oceanic system, yet sea ice phytoplankton (most prevalent in
the Southern Ocean) is understudied. Studying of the ice phytoplankton in situ poses challenges.
Firstly, it is dependent on prevailing environmental conditions which can fluctuate unpredictably.
Secondly, there is a need to use equipment that can withstand harsh weather conditions, which
is expensive and can become easily damaged. Furthermore, routine safety checks need to be
conducted before any fieldwork can take place, which can create logistical difficulty and can be
time-consuming and ultimately costly. Lastly, access to the Marginal Ice Zone (MIZ) of the
Southern Ocean is only for a limited time and conditions are often too harsh which limits long-
term observation and measurements. Thus, there is a need to utilize land-based facilities for
laboratory experiments where variables can be decoupled and controlled, and long-term
measurements can be conducted at a relatively lower cost and with better safety conditions.

To experiment on the different sea ice phytoplankton communities on land, transportation which
ensures the preservation of the algae communities’ compositions is an essential consideration.
In addition to this, increasing the algae concentrations is ideal to allow multiple repeats of
experiments. The designed hybrid system for transportation of phytoplankton to land-based
facilities, though successfully implemented needs further optimization to ensure better input and

simulation of irradiance and nutrient supply.

Additionally, for diverse sea ice algae behaviours to be investigated under certain environmental
conditions, there is a need for an Environmental Chamber (EC) to be specially designed. This EC
will be used to carefully control the variables; temperature and irradiation, and document algae

behaviour.
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3 RESEARCH AIMS, OBJECTIVES AND KEY
QUESTIONS

The aim of this study is to design and/or optimize systems and equipment that will facilitate the
laboratory experimentation of sea ice algae from the Marginal Ice Zone (MIZ) of the Southern
Ocean (SO). This involves, first, the optimization of an existing hybrid system used to obtain sea
ice algae from the Antarctic, and secondly, designing, commissioning, and testing of an
Environmental Chamber that will allow controlled temperature, humidity, and irradiance while
experimenting on the sea ice algae on a land-based laboratory.

The objectives that emulate this aim are therefore to:

o Optimize the existing hybrid transportation system’s irradiance, temperature control, and
nutrient supply system to preserve the composition of the sea ice algae community as
sampled in situ from the SO's MIZ.

o Optimize the existing hybrid transportation system’s irradiance, temperature control, and
nutrient supply system for possible increases in sea ice algae concentrations from the MIZ
of the SO.

e Design an Environmental Chamber that will precisely control temperature, humidity, and
irradiance to the targeted levels for experimentation on the sea ice algae.

e Investigation and implementation of protocols in investigating the effect of irradiance on
the behaviour of the phytoplankton community from the MIZ of the SO.

¢ Investigation and implementation of protocols in investigating the effect of temperature on

the behaviour of the phytoplankton community from the MIZ of the SO.

3.1 Hypothesis

1. This study hypothesizes that optimizing the irradiance, temperature control, and nutrient
supply in a hybrid transportation system will enhance the preservation and concentration
of seaice algae from the Marginal Ice Zone of the Southern Ocean to land based facilities.

2. Laboratory experiments conducted in a specially designed Environmental Chamber will

reveal that controlled variations in temperature and light intensity significantly influence
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the physiological responses and community composition of sea ice phytoplankton from
the Southern Ocean, allowing for a better understanding of their ecological roles and
adaptations compared to in situ conditions. This hypothesis suggests that by isolating and
manipulating specific environmental variables, researchers can identify key factors that
affect phytoplankton growth and survival.
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4 OPTIMIZATION OF THE HYBRID REACTOR
SYSTEM FOR TRANSPORTATION OF SEA ICE
ALGAE

Testing of the hybrid systems was conducted via obtaining ice cores and filtered sea water from
the Marginal Ice Zone (MIZ) of the Southern Ocean, then incorporating these into the hybrid
system tanks as described in Sections 4.1 and 4.2. The transportation of the hybrid system, and
the ice cores, was thus carried out onboard on the SA Agulhas Il for the duration of the research
cruise after coring and stored in laboratory-based facilities before experimentation commenced.
The initial hybrid system was tested during the 2019 Southern Ocean Sesaonal Experiment
(SCALE) spring cruise in (Hambrock, Rampai and Walker, 2021). The optimized hybrid tank was
tested during the 2022 SCALE winter cruise. The two variations of the hybrid system were
therefore tested during different seasons. During the 2022 winter cruise, ice cores were only
obtained from one station due to logistical difficulties presented by highly windy conditions, low
sea ice extents and concentrations, in addition to a short-scheduled cruise time (3 weeks). In
contrast, the 2019 spring cruise allowed for collection of cores from four stations as the conditions
were calmer, and due to longer cruise times (6 weeks) there was opportunity to sail to areas of
high sea ice coverage and overboard coring. The two cruises also explored different locations
thus ice samples obtained from each cruise are from different locations. During the winter 2022
cruise, ice cores were obtained from a pancake (mostly abundant during winter in the MIZ),
whereas during the spring 2019 cruise ice cores were obtained from consolidated ice and brash
ice. This also meant the ambient temperature and irradiance was different when considering both

geographical locations and ice type.

Existing hybrid system as per Hambrock, Rampai and Walker
(2021) studies

The initial hybrid system satisfies control over two known parameters that affect algae namely
temperature and access to nutrients. The Hybrid system utilised filtered sea water from the site
the ice cores were obtained from. This filtered water together with the sampled sea ice core

(bottom 20 cm), are placed in the hybrid tank, see Figure 4-1. The sea water temperature is
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controlled by heating the bottom of the tank, while the ice core remains solid due to its exposure
to the sub-zero atmospheric temperature in the laboratory housing the hybrid system. In addition,
there is allowance for the addition of the modified f/2 medium (henceforth referred to as nutrient
solutions) prepared as outlined by Hallegraeff, Anderson and Cembella (2004).

The hybrid system consists of a polymer tank wherein the ice core and sea water can be stored,
insulation to ensure heat exchange from the sides of the tank does not take place, and an
electronic control system to maintain the temperature of the water above freezing temperatures
of the sea water. The tank is made from Perspex and insulated with isotherm. The tank sits on
top of polystyrene sheets to insulate the tank from the surface it is placed on (Figure 4-1). The
design of the hybrid tank ensures that ice temperature is maintained at the atmospheric lab
temperature, while water temperature below the sea ice is maintained at -1.8°C (seawater
freezing point) or slightly above. The temperature of the water is maintained by an electrical,
resistance-based, heating cable at the lower tank wall. This is controlled through a relay attached
to a temperature probe immersed in the ocean filled level of the tank. When the water temperature
falls below the programmed set point, -2°C, the heating circuit activates and deactivates when
the water temperature reaches 0°C. Excessive cooling from the sides and bottom of the tank is
prevented through insulation and the heating applied at the lower part of the tank. Solid ice, is
therefore, exclusively maintained at the top of the tank, exhibiting a vertical temperature profile.

In the initial hybrid system, Figure 4-1A, three “hybrid tubes” made of polyvinyl chloride, 95 mm
in diameter and 400 mm in length, were placed inside the tank. These “hybrid tubes” were placed
inside the tank so that they could house each individual ice cores so that the ice cores would not
break as ice core diameter was much smaller than diameter of the tank. Breakage would typically
occur on the ship under high turbulent weather conditions when the ice cores were still free-
floating in the filtered sea water, before a uniform ice forms at the top due to the lab temperatures.
The hybrid system was successful in improving survivability of algae and increasing some algae
species during transportation. There were some changes in algae communities’ composition, this
was attributed to notable differences between the hybrid system and in situ environments.
Radiation could have been one of the major factors that resulted in algae community changes as
the light control on the hybrid system was not accounted for appropriately. Initially, the ice cores
in the tank were exposed to ambient light of the lab, there was no control over exposure time,
intensity and wavelength of the lab lights. Furthermore, no PAR measurements were taken during

transportation, rather estimated settings from the lights were used.
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Figure 4-1: | Hybrid system assembly schematic as per A) initial design by Hambrock, Rampai and Walker (2021) and
B) optimized hybrid system design

The other limitation that was identified to affect the limitations in algae growth and community
compositions is the periodic incorporation of the nutrient solution into the hybrid system, through
one small, localized channel drilled through the ice to the filtered ocean water level. Lastly, placing
the ice cores into the “hybrid tubes” could have been a limitation. This could have presented a
challenge as the temperature probe that controls the relay is in the larger tank and the water
temperature in the larger general tank may not be the same as in the localized individual “hybrid
tubes”. In addition, due to the hybrid tank being large and the temperature regulation system
relying on one localized temperature sensor, ice melted and refroze irregularly at the bottom of
the tank as the variation in temperature is large in a larger tank. Considering that phytoplankton
mostly inhabit the bottom of the ice cores, constant melting and refreezing of ice would likely result

in some phytoplankton species dying due to the osmotic shock.

4.1 Improvements to the Hybrid system design and sampling

protocol

Optimization of the hybrid system considered irradiance, size and number of tanks, and insulation
to the tanks; this was supplemented by improvements to the sampling protocol of the ice cores
for targeted control over the existing and optimized parameters. Other parameters such as
materials of construction and temperature control system were not changed. In addition, to
evaluate the extent of effectiveness of the hybrid system over the conventional transportation

methods, solid and liquid transportation, was also investigated to affirm the effectiveness of the
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hybrid system. The solid and liquid transportation methods were prepared and subjected to
conditions as outlined by researchers in literature rather than the same conditions as the hybrid
tank. This was done in this manner to compare methods largely used currently by researchers
and the hybrid method. It is noted, however, that if parameters such as irradiance control (in both
solid and liquid transport) and nutrients incorporation (in solid transportation) were introduced to

all transport systems, the reported results would be different.

4.1.1 Improvement on the sampling protocols

During the 2019 spring cruise, cores were obtained primarily from consolidated ice, and the
bottom 20cm of the core was isolated for incorporation into the hybrid system. Each 20cm core
section was further segmented vertically into two hemispheres. The one half was introduced into
the hybrid tank while the other was melted for immediate preservation to serve as a “baseline
sample” for the algae concentrations and community composition in situ. Nutrients were
introduced in the hybrid tank every 7 days after being sampled, until melting in land-based
laboratories. After the cruise concluded the contents of the hybrid system tanks were melted and
stored in a fridge at 5°C. The liquid culture was stored in 250ml and 500ml glass bottles and
nutrient concentrations readjusted regularly. The glass bottles had a continuous supply of air

providing gases and agitation (Hambrock, Rampai and Walker, 2021).

During the winter 2022 cruise, five cores were obtained from a pancake per station. One core was
segmented vertically into two hemispheres. One hemisphere was immediately melted in the dark
at 5°C and stored under the same conditions for the duration of the cruise. The second
hemisphere was stored in a black plastic core bag and stored at -10°C for the duration of the
cruise. The second ice core was tested for temperature and salinity measurements, with the
bottom 20cm of the core also sampled and preserved for a “baseline sample” for the algae
concentrations and community composition in situ. The top of the core had an average
temperature of -2.05°C while the bottom had a temperature of -1.9°C. The lab in which the hybrid
tanks were was -10°C, a vastly different temperature from their natural conditions. Three cores
were introduced into the hybrid system tanks (bottom 18cm), to account for the size of tanks and
considering the phytoplankton community profile vertically along the core. Sampling and testing
of more than one core increased the reliability of results as discussed in Section 4.1.2. For testing
of the optimized hybrid tank, cores were obtained on the 24™ of July 2022 from one station, -

59.16485S, 0.85777E. Two pancakes were lifted at the station and cored using a 9cm Kovacs
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Mark Il ice corer, on the ship deck. Cores used in the hybrid systems reported in this work were
obtained from one of the pancakes which had a 1cm snow layer on top of the pancake.

During pancake lifting, a 20L bucket was used to collect sea water from the location of the
pancake before lifting. A rope was tied to the bucket, and the bucket was thrown overboard and
then lifted using a pulley system. Hybrid tanks were set up in a lab with an ambient temperature
of -10°C. The hybrid tanks were filled to 4cm with the collected and filtered sea water then left
open awaiting cores. Cores obtained from the pancake were segmented with a circular saw and
introduced into the hybrid system tanks within 30 minutes of extraction to limit the degree of brine

loss.

Figure 4-2 shows sea ice conditions on the day the pancake was lifted and cored on deck, versus
one of the days sampling was done for the initial hybrid system. Unlike in spring where
discoloration is seen in the ice (Hambrock, Rampai and Walker, 2021), to show the presence of
blooming phytoplankton, the ice in winter is clear. In addition, observations of the state of the sea
ice in the hybrid system tanks during transportation to land revealed discoloration for the 2019
spring cruise (Hambrock, Rampai and Walker, 2021) and nothing to that effect in the 2022 winter
cruise. This was expected as the collection had been of winter samples, and it was not expected
to see discoloration as phytoplankton would not have started blooming.

Every 3-day cycle, the hybrid tanks were supplemented with nutrients prepared a month before
the cruise. The Synthetic Ocean Water and the major nutrients were stored in a 5-degree fridge
while the vitamin stock solution was frozen. The lid of the tanks was opened, and the lights turned
off. Three equidistant holes across the tank center were drilled through the ice to the filtered sea
water level, and nutrients (Appendix C) were injected through these holes using a milli Q rinsed
pipette. In the 2019 spring cruise nutrients were injected through one hole, this was changed to
ensure nutrients were concentrated more evenly in the tank. Transfer of nutrients was conducted
within 7 minutes of opening the lid of the tank in all cases to prevent long exposure to variable
light and prevent the nutrient solution from freezing due to exposure to the sub-zero temperatures
in the lab.
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Figure 4-2: Sea ice conditions (A) on the 24™ of July 2022 59.16485S, 0.85777E (B) on the 22" of October 2019,
brash ice showing algae (discoloration) floating in the Southern Ocean (Hambrock, Rampai and Walker, 2021)

Upon conclusion of the winter cruise, hybrid tanks were transported to a -20°C freezer for latter
experiments and investigations. One hybrid tank (Hybrid tank 1), reported in this report, was
melted a week after the cruise (2 weeks of transportation) by placing it in an environmental
chamber under controlled irradiation as on the ship and a constant ambient temperature of -1.8°C.
Melting at -1.8°C, instead of 5°C as in the initial hybrid system, was to ensure gradual temperature
change in the system thus not shocking the phytoplankton. Three samples, from different levels
and locations of the tank, were taken from the meltwater and mixed with Lugol’s solution. The first
sample was taken from the top of the tank, the second sample at the 500ml point i.e., the middle
of the tank, and the third sample was obtained 20ml from the bottom of the tank. The melted
solutions, kept in the Perspex hybrid system tank, were later transferred to a 5-degree fridge and
were gently stirred with a glass rod previously rinsed with milli Q water and supplemented with
nutrients regularly. These samples are kept in the dark and utilized for subsequent experiments.
The core transported as a solid, was also melted in the environmental chamber at -1.8°C. Sub-
samples were taken from the melt as done for the hybrid tank and fixed with Lugol’s solution, the

same was done for the core transported as a liquid.

The second hybrid tank (Hybrid tank 2) was to be melted exactly 6 weeks after the cruise and the
last hybrid tank (Hybrid tank 3) was to be melted 12 weeks after the cruise. However, the lab was
impacted by loadshedding multiple times a day for a few weeks. This resulted in sub-optimal
functionality of the heating and light systems, thus compromising the comparability of these tanks
to the hybrid system tank melted immediately after the 2022 winter cruise. Hambrock, Rampai
and Walker (2021) proved that increased hybrid tank incubation time increased cell concentration
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and hybrid tanks were to be melted in increasing time increments to show that this is true for all
hybrid tanks. In Hambrock, Rampai and Walker (2021) studies, hybrid system samples were
melted 29 to 39 days after collecting them.

4.1.2 Number and size of the hybrid tank

Perspex was maintained as the material of construction due to its flexibility for the tank in the
hybrid system. Perspex also does not introduce trace elements that may contaminate the nutrient
solution. Additionally, Perspex is transparent, allowing for ease of visual inspection during
transportation (Maizey Engineering Plastic Products, 2021). The aspect ratio and the circular
shape of the tanks were maintained to lower the risk of wall fracture when sea ice expands
(Grenfell and Perovich, 1981). A smaller tank size, from 30L to 3L, was chosen to allow for better
temperature sensing and control (Figure 4-1B), this only allowed one ice core in the tank. To
supplement for, three tanks were utilized in order not to lose the quantity of samples collected.
Multiple tanks allowed for redundancy if a system failure occurs in one of the hybrid systems. In
addition, a study on the variables changed during storage can be undertaken by changing one
variable per tank for multiple tanks in one station. Most importantly, smaller tanks offer more
control over the temperature variation in the filtered water at the bottom of the tank. Reducing the
surface area over which the relay system covered, meant the temperature probe measurements
from inside the tank were more representative of all the water at the bottom of the tank. This
eradicated the melting and refreezing of the ice at the ice-ocean interface. This may largely be
due to the heat capacity of the system coupled with the insulation around the tanks and lids
reducing airflow on the sea-ice surface. Maximum ice depth fluctuations were 15mm, a massive
reduction from the maximum of 100mm the initial hybrid system experienced. The utilized “hybrid
tubes” from the initial design were discarded as the diameter of the optimized hybrid system was
sufficient to prevent the breakage of the cores as explained previously, the “hybrid tubes” also
interfere with the monitoring of the ice cores during transportation (Figure 4-1A).

Due to a change in dimensions of the tank, thickness of the insulating material had to be
reevaluated. Isotherm was maintained as the choice of insulation, insulating the sides of the tank
and expanded polystyrene insulating the base of the tank. A top-down cooling approach is
required to imitate growth of sea ice in the Southern Ocean. Thus, all cooling from the sides and
the bottom is undesired. To combat this, insulation is used on the sides and at the bottom of the

tank. Isotherm has an absorption capacity of 2% by mass of moisture making it hydrophobic (Brits
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Nonwoven, 2020) and thus suitable for use in the laboratory where moisture accumulates.
Isotherm was wrapped with black plastic sheeting to prevent light from entering the tank through
the sides. Expanded polystyrene was chosen as insulation for the bottom of the tanks as it is
water repellent and sufficiently rigid to support the hybrid system tank and its contents (Cumulus
Insulation, 2019). The side insulation was reduced by 50mm to better fit and function in the

optimized hybrid system tanks with smaller dimensions as justified below:

Williams (1963) describes the net heat flux from natural water surfaces as Equation 4-1,

Equation 4-1
Qq = Q¢+ Qi + Qe — Qswy

Where Qa is the net heat flux, Q¢ is convective heat loss, Qw is long wave radiation, Qe is
evaporative heat transfer and Qsw is short wave radiation. For the cylindrical tank, heat loss from
the base and the walls also has to be included and the modified equation is as in Equation 4-2,
where Qu is heat loss from the walls and Quase is heat loss from the base.

Equation 4-2
Qa = Q¢ + Qwans T Qpase + Quw + Qe — Qsw

The hybrid system was utilized indoors thus incoming short-wave radiation and long wave
radiation were assumed to be zero. Since ambient temperature is below the freezing point,

evaporative heat transfer can be assumed to be zero. The simplified equation is as below:

Equation 4-3
Qq = Q¢ *+ Qwaus + Qbase

It is desired that convective heat loss be much greater than conduction i.e., Qc>>>> Quwaiis + Qbase

Equation 4-4
Qc = hoA(Tw - Ta)

Equation 4-5

kA(Tw - Ta)
Qwalis = f
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Equation 4-6
_ kA(Ty, —Tg)

base l

Where h, is the bulk heat transfer coefficient and A is the surface area while Ty, and T, refer to
wall temperature and ambient temperature respectively. k is the thermal conductivity and | is

insulation thickness, for this study the values used can be found in Table 4-1.

Table 4-1: Variables for the materials in Figure 4-1 considered for insulation of hybrid system tank contents form the
atmospheric conditions.

Material Thickness Thermal Reference
(mm) conductivity
(WmK1)
Perspex 5 0.18 (Maizey Engineering
Tank _
Plastic Products, 2021)
Isotherm 50 0.0552 (Brits Nonwoven,
_ 2020)
Insulation .
Expanded polystyrene 100 0.035 (Cumulus Insulation,
2019)

Ashton (1989) suggested that bulk heat transfer coefficient is 10Wm-2s for calm conditions and
30Wm2s? for high wind conditions. Forced cooling occurs in the cold lab as a fan is used to
promote air flow, inherently increasing heat transfer rate, thus the high value can be assumed to
be the bulk heat transfer coefficient.

It is assumed that the thermal conductivity R is given by R = %Where L is the thickness of each

layer. The thickness of the Perspex tank is 5mm while thickness of the insulation was 50mm,
Figure 4-1B. The total value of R is determined as R; + Rz +....R, and found to be 42.552Wm=2K"
!, Determining k, where L is for the insulation on the walls and k = %, the value is found to be
0.00235Wm.KLt. Qc>>>> Quais is sufficed as 30A(Tw-Ta)>0.0235A(Tw-Ta). When calculated for
the base, the same conclusion is reached and thus convective heat loss at the ice-atmosphere
surface is said to be 1 500 times greater than heat loss through the tank walls. Insulation

massively reduces heat loss from tank walls and tank base. Furthermore, to prevent ice formation
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completely to the bottom of the tank, heating coils are placed at the bottom 50mm of the tank as
in the initial hybrid system.

4.1.3 Irradiance input and measurement

Irradiance was also considered in the optimization of the hybrid system. Irradiance affects algae
species and is considered one of the main parameters to affect algae growth, thus, the optimized
hybrid system incorporated careful control of irradiance with community survival and preservation
in mind. LICOR 191 PAR sensors, connected to a Campbell CR5000X datalogger were used to
determine PAR under the pancake on the day of coring. PAR at the bottom of the pancake was
determined to be an average of 1.05umolm2s?. Light intensity for the tanks was adjusted in
accordance with these measured values. In addition, there was consideration for the lack of snow
and decrease in the height of the ice sheet when transferring to the hybrid system tanks.

Cool white 4000K LED strip lights were attached to a flexible polymer lid that covers the hybrid
tank. The LED lights offered a full photomorphogenic plant response with a spectrum of 380-
450nm. The PPFD of the LED lights ranged from 0-250umolm2s, which is ideal considering the
light experienced by phytoplankton at the bottom of ice sheets. The lights system was set up such
that all three tanks from a single coring station will receive light from a single strip light, of the
same intensity. The strip of lights also works with a dimmer to adjust light intensity as desired,
this allowed for different light intensities for every coring station as per the in situ condition of the
sea ice algae. PAR sensors were positioned at the bottom of every hybrid system tank for the

monitoring and logging of light intensity during transportation, Figure 4-1B.

For the optimized hybrid setup, CS310 Campbell par sensors which work with Campbell
CR3000X datalogger were used. The CS310 par sensors can measure light of up to 4000pmolm-
251, The Campbell CR3000X datalogger records light intensity measurements every 5 seconds
with values being averaged over 150 seconds. These PAR sensors operate over a temperature
range of -40°C to +70°C which made them suitable for this application. The datalogger, however,
had to be insulated from the sub-zero conditions of the lab as it is not water resistant and was

specified to be operational at room temperature.

The control of turning lights on and off as per estimated daylight hours was operated manually,

this was not ideal and merits incorporation of an automated system, however, this was sufficient

37



for the purpose of this study. To calculate the amount of time between sunrise and sunset, the
modified version of the CBM model as developed by Schoolfield (1982) was used still (Forsythe
et al., 1995). The model calculates day light hours depending on location, time of the year, and
chosen definition of day length. The modified model achieves a maximum error of 7 minutes for
a day between 30°S and 60°N, making it sufficiently accurate for any conventional ecological
purpose. The modified CBM model is as in Equations 4-7 to 4-9.

Equation 4-7

0 = 0.2163108 + 2 arctan(0.9671396 tan(0.00860(J — 186))

Equation 4-8

¢ = arcsin(0.39795 cos6)

Equation 4-9

sin 180 + sin 180 Slnqo)

2
D =24— ?arccos( p
COSWCOSQD

"8" denotes the revolution angle of the sun (in radians), "J" the day of the year, "@" the sun’s
declination angle (in radians), "L" the latitude, "p" the day length coefficient (in degrees) and "D"
the amount of daylight in hours (Forsythe et al., 1995). Based on the latitude and date of sampling,
daylight hours were estimated to be 7 hours. Despite the usage of only the bottom 18cm and lack
of snow cover added to the samples in the hybrid system tanks, daylight hours were kept at 7
hours to facilitate bloom during transportation without significantly changing environmental

conditions to which phytoplankton were exposed to.
4.2 Results of optimization

Bearing in mind the differences in season and location when considering the optimization of the
hybrid system, below are the results of the optimized system and the differences from the initial

system.
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4.2.1 Quantification of phytoplankton

In addition to ship-based sampling protocols, further protocol optimization was considered for the

analytical methods used to measure sea ice algae growth.

Quantification of phytoplankton communities was done via microscopy. For each sample, 50ml
was poured into a settling chamber and left over 24 hours to allow for the settling of phytoplankton.
Single welled slides, with a diameter of 26mm and a depth of 5.0mm, with a volume of 2.7ml were
utilized. Counting and identification of phytoplankton were conducted.

Phytoplankton were counted within single transect passes under 400X magnification with an
inverted Zeiss Axiovert.Al1 microscope using a quicksilver lamp as a light source. The
magnification area was measured to be 0.56mm, bringing the transect volume to 0.073ml. A
microscope integrated Axiocam 105 color was used to produce images of phytoplankton for
classification and documentation purposes. Cell concentrations were calculated by dividing the
number of counted cells of each taxonomic group by the transect volume. Due to a limitation in

microscope resolution, some algae taxa could not be accurately identified to the species level.

4.2.2 Microscopy findings

Phytoplankton concentrations ranged from 460 to 6 680 cells per ml with a cell length of 10um as
the lower identification boundary due to magnification limitations. Overall, 9 dinoflagellates were
counted, with the remainder identified as being diatoms. As such, reporting was solely focused

on diatoms.

Figure 4-3 shows the class-specific concentrations for the different methods of transportation to
lab-based facilities. “Baseline” is the cut core, that was immediately melted and preserved on the
ship after coring, and serves as a baseline for all transport methods; hybrid transport, solid core
transport, and liquid transport. Differences between transport mode and Baseline concentrations
within a labelled transport system thus show growth or loss of algae during transportation. Overall
concentrations can be interpreted from Figure 4-3 as the sum of the pennate and centric
concentrations. Liquid transport resulted in the greatest loss of phytoplankton. Total cell

concentration was reduced for the sample transported as a liquid. Hybrid tank 1 shows increased
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cell concentration while solid transport has some brine losses but tries to maintain the cell
concentration. Hybrid tank 1 supports Hambrock, Rampai and Walker (2021) findings which
correlate hybrid tank incubation with increased cell concentration.

The liquid transport was stored at 5°C in the dark in a closed Tupperware. The Tupperware was
closed as the fridge housed other chemicals being used on the ship. Regular swirling of the
Tupperware helped maintain cell suspension. Losses in solid transport can be stipulated to brine
loss, however, losses in liquid transport are quite significant and can be due to a lack of aeration
and stresses induced on the algae by melting post-coring (Mikkelsen and Witkowski, 2010). Algae
also stick to the sides of hybrid tanks (Hambrock, Rampai and Walker, 2021), and as such brine
channels in the hybrid tanks and solid transport may have localized nutrients for phytoplankton
species when compared to transportation in liquid form. Both solid and liquid transportation did
not have supplementation of nutrients. The protocol works well for solid transport as there is not
a huge decrease in phytoplankton cells when compared to liquid transportation. However, nutrient
availability may have been a concern in the liquid transport method. Therefore, for comparative
studies, it is recommended to add nutrients to the liquid transport while keeping it in the dark.

Baseline cell count shows that 67% of the species in ice, were made out of pennate diatoms with
the common pennate species, making 20% of the total population, being the Navicula sp (Figure
4-3). Louw, Walker and Fawcett (2022) studied the community composition, and distribution in
the marginal ice zone of the Southern Ocean during the winter of 2017. From sampling three
pancakes, 65°S, and 30°E of the Indian Sector, of the Southern Ocean, the study concluded that
diatoms of the pennate genera dominate the sea ice protist community. This is generally
anticipated for the Southern Ocean (Hop et al., 2020; Lizotte, 2003; Kauko et al., 2018). Van
Leeuwe et al. 2018 suggest that the dominance of pennate taxa throughout sea ice profiles is a

result of species being able to migrate freely within brine channels.
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Figure 4-3: Diatom concentration from extraction in the marginal sea-ice zone in the Southern Ocean to UCT labs

using the different forms of transportation.

Figure 4-4 shows the unidentified pennates in this study. Debris of the identified taxa was found
in all samples but most significant in the hybrid tank. Figure 4-5 shows the most abundant pennate
taxa. The largest fraction of the pennates was found to be Navicula spp with sizes ranging from
30 to 200um in length. Cylindrotheca also exhibited large size ranges comparable to Navicula
spp. Figure 4-6 shows the centrics identified in the study. The most abundant centrics were
Dactyliosolen antarctica and the Chaetoceros spp. Debris of Chaetoceros cells and Dactyliosolen
cells were most abundant. Figure 4-6C shows the Thalassiosira sp. which came in different sizes

ranging from 10 to 40um in diameter and did not have any debris despite the varying sizes.
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Figure 4-5: Dominant pennates: (A) Cylindrotheca (B) Pseudo-nitzschia (C) Navicula sp. (D) Fragilariopsis kerguelensis (E)
Striatella unipunctata
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Figure 4-6: Centrics identified: (A) Dactyliosolen sp. (B) Chaetoceros sp. (C) Thalassiosira sp. (D) Dactyliosolen sp.
(E) Chaetoceros sp. (F) Eucampia antarctica sp.

The different taxonomic groups in all the modes of transportation are shown in Figure 4-8. Figure
4-8 gives taxonomic distributions that illustrate fractional change of taxonomic groups through
intra-sample comparisons of the fractions, for all modes of transportation. Different taxonomic
groups show growth or reduction depending on the mode of transport. All taxonomic groups
increase in cell concentration in the hybrid tank. Figure 4-9 shows that, in the hybrid tank, except
for Pseudo-nitzschia and Dactyliosolen antarctica, all the other species almost double in cell
count, with the unidentified pennates almost tripling. Solid transport particularly shows an increase
in Pseudo-nitzschia even though all other taxonomic groups show a concentration decrease.
Navicula spp. and the Chaetoceros spp. display great resilience in both the hybrid tank and the
solid transport. Yan et al. (2020) observed that Nitzschia and Navicula spp. have a high mortality
rate during melting as they are mostly hindered by osmaotic stress, thus their abundance is mostly
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in solid transport. Fragilariopsis kerguelensis shows the most resilience in liquid transport, being
the most abundant species. This is well illustrated in Figure 4-8.

A test for normality could not be conducted on the samples as limitations explained earlier resulted
in only Hybrid tank 1 being tested, as such normality was not assumed. Bray Curtis Dissimilarity
indices for all the transport modes in comparison with the baseline, support the claim that changes
during transportation are lower for the hybrid tank and solid transport than those accrued in liquid
transport (Figure A4). An empirically derived logistic growth function for overall cell concentrations
after transportation is given in Figure 4-7. The logistic growth approach is assumed as hybrid tank
simulates growth with limitations of space and nutrient availability. The logistic growth equation is
as given in equation 4-10, where a is the population upper boundary, r is a growth rate constant,

and b is a determinant for the y-intercept.

Equation 4-10

_ a
y= 1+ be™T*

Equation 4-10 and the derived parameters, a = 4 063 cells/ml (maximum cell concentration before
transportation), b= 100 (shift on the x-axis) and r = 0.0459 (growth rate per day) can be used to
roughly estimate the final concentrations achieved in the hybrid tanks during transportation, for
similar ice growth conditions. This is because the correlation coefficient (R?) achieved is almost 1
suggesting a reasonably good fit. The correlation coefficient may however be slightly less than

one as the function under investigation is nonlinear.

The variable in x in the constructed function (Equation 4-10) is unknown. This is because the time
of formation of phytoplankton species in situ is unknown, and growth conditions in situ are
assumed to not correspond with growth conditions in the hybrid tanks. The variable in x was
therefore assumed to be the transportation time, optimized in conjunction with optimizations for
the upper population boundary and the growth rate, by minimizing the squared error in y of the
real data relative to the assumed function. Within the first 14 days in the hybrid tank, the
phytoplankton cells are assumed to still be in the increasing growth rate phase and will take

approximately 150 days to reach carrying capacity.
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Figure 4-7: Empirically suggested logistic growth t_rend for cell growth in hybrid tanks during
transportation
Even with the lack of results from Hybrid tank 2 and Hybrid tank 3, this data and Hambrock,
Rampai and Walker (2021) studies provide strong evidence showing that hybrid tanks promote
the survival of phytoplankton species. This is especially important for scientists intending to study
ice core communities. The data also shows the potential to increase the cell concentrations with
the use of the hybrid tank.
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Figure 4-8: Taxonomic distributions illustrating fractional change of taxonomic groups through intra-sample
comparisons of the fractions, for all modes of transportation.

4.2.3 Is the hybrid tank optimized?

Even though the initial hybrid tank was used to obtain phytoplankton species in spring and the
optimized tank tested in winter, a comparison can be made on community survival in the two
tanks. The expected difference in obtained species is the presence of more centrics in the cores
obtained in winter when compared to spring. Arrigo (2016) found that centric species are mostly
found in newly formed ice, under calm conditions, whereas more diverging conditions such as
spring favor pennate species. The majority of the species obtained in the spring 2019 cruise were
unidentified pennates and unidentified centrics which are very different from the unidentifiables in
this study, which are also not the majority. Sizes of the species obtained in the spring 2019 cruise
are comparable to those obtained in the winter 2022 cruise.
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In order to fully analyze the extent of the difference before and after transportation, the difference
between species composition before and after transportation is calculated and expressed as a
percentage of the initial composition before transportation (Figure 4-9 and Figure 4-10).
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Figure 4-9: Change in cell count in comparison to baseline species for the optimized hybrid tank
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Figure 4-10: Change in cell count in comparison to baseline species for the initial hybrid tank (Hambrock, Rampai and
Walker, 2021)

Figures 4-9 and Figure 4-10 show the clear differences in community composition between the
initial hybrid tank as per Hambrock, Rampai and Walker (2021), and the optimized hybrid tank. A
smaller tank which has more control over the temperature and has dedicated irradiance improves
community survival. Except for one pennate species and one centric species, all the other
phytoplankton species survived and increased cell concentration in the optimized hybrid tank.
Figure 4-10 shows the phytoplankton species resilient to the ice depth fluctuations and rapid
change in irradiance in the initial hybrid tank. Unidentified pennates 7 refers to the group of
unidentified pennates that was the majority (Appendix A2). The study had many unidentified
pennate species due to magnification of the microscope which enabled the determination of only
shape but failed to identify specific structures which means correct identification of the species
could not be done. The results from Figure 4-10 also show that the community collected had a lot
of unidentified species that did not survive whereas in the optimized hybrid tank almost all species
survived. The initial hybrid tank had larger increases in cell concentration for the species that
survived when compared to the optimized hybrid tank and this is attributed to the high
concentration per mL i.e., 46 000 cells per mL that the tank started with when compared to a
starting concentration of 4 000 cells per mL in the optimized hybrid tank. The observed difference
in the starting concentrations is a result of samples being collected in spring and winter

respectively.
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S ENVIRONMENTAL CHAMBER DESIGN CONSIDERATIONS

When designing environmental chambers, careful consideration must be put into construction and
operating costs. Dynamic characteristics that control variables must be satisfied (Lefcourt, Buell
and Tasch, 2001) The one environmental effect to be considered when experimenting on
phytoplankton is temperature thus a temperature environmental chamber is to be designed.

5.1 Materials and Methods

A temperature Environmental Chamber (EC) has been constructed to control temperature when
experimenting on phytoplankton. A benchtop EC has been designed to allow for small-volume
experimentation of phytoplankton. The EC has internal dimensions of 730 x 550 x 510mm, giving
it an internal volume of 204 liters. The external dimensions of the EC are 840 x 560 x 520mm
making the total volume of the chamber 245L. The base of the chamber houses 4 aquariums
placed along its length. The dimensions of the EC were therefore chosen to give equal spacing
between aquariums during experimentation, as well as equal spacing of aquarium from the

cooling plate and the light fixture (Appendix B3).

Fabrication of the EC was done using perspex sheets 5mm thick, as the casing of the EC. In
addition to being relatively cheap, perspex is light and relatively strong which makes it easy when
transporting the EC (Maizey Engineering Plastic Products, 2021). The EC is fitted with expanded
polystyrene 50mm thick which acts as insulation (Appendix B1). The polystyrene foam at the
bottom plate of the EC has a thickness of 60mm and is built such that three par sensors of
diameter 26mm and height 36mm, can be inserted in it. Expanded polystyrene is a good thermal
insulator having a thermal conductivity of 0.035W m™ K™, It is also very light and relatively cheap

(Cumulus Insulation, 2019).

The EC has been fabricated such that the top perspex sheet and polystyrene foam (top plate) are
detachable making the door of the EC. The door of the EC has also been made such that a light
fixture 1 000mm long attaches to it, giving a perforation to the EC which allows gaseous exchange
within the EC (Figure 5-1A: Appendix B3). It is advised that there be a beaker with water in the

EC during the conduction of experiments to provide humidity in the air.
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Figure 5-1: (A) EC view from the top with the lid open showing cooling plate(red) light and aquariums, (B) Sketch to
show positioning of aquariums, par sensors and light in EC.

The constructed and functional temperature environmental chamber is as shown in Figure 5-1,
(Appendix B3). Table 5-1 below outlines the cost of material used in the fabrication of the EC.
The major costs arise from the specialized par sensors, the specialized light, and the chiller.
Unlike the cost of conventional chambers, this EC is reasonably fabricated.

Table 5-1: Cost analysis for designing a temperature environmental chamber

Material Specification | Quantity | Total Price
Perspex sheets 5mm thick R2 552
Expanded polystyrene foam 6 cuts R322
Aquarium Perspex sheets 5mm thick R 650
Chiller 600W 1 R41 975
Light 200w 1 R10 850
Par sensors CS 310 4 R64 500
Quantum
sensors
Coolant Ethylene R300
glycol 5L
Copper sheets 1mm thick R1 700
Labor R2 500
Grand total R 125 349
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5.1.1 Aquariums within the EC

Aquariums inside the EC are placed equidistant from each other, the heat source, and the walls.
Aquariums are made from perspex sheets. Perspex has been proven to not introduce foreign
substances that may alter nutrient concentrations for the algae thus interfering with the
experiments (Maizey Engineering Plastic Products, 2021) The aquariums are 1.2L in volume
having a diameter of 200mm and a length of 150mm.

5.1.2 Cooling of the EC

The EC has been fitted with a cooling plate which runs of a coolant provided by a 600W chiller.
The cooling plate is as shown in Figure 5-2. The cooling plate is made of copper, with copper
tubing’s fitted within it. Copper has been chosen as it is a good conductor of heat and relatively
cheap. The chiller, which is water-cooled and measures 400mm in height and 80mm in width,
supplies the necessary coolant for the system.

A
«——— Coolant in
Cooling plate
* G00 mn Ll
400 mm
100 mm Tuhbing
—» Coolant out
L J
<+ T30 mm >

Figure 5-2: Cooling plate fitted within the EC.
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The temperature control mechanism employs a basic PID (Proportional-Integral-Derivative)
feedback loop. This control system takes as inputs the actual temperature of the coolant and the
desired temperature setpoint. If the chamber temperature exceeds the setpoint, the system
decreases the coolant temperature and activates the chiller until the chamber temperature returns
to the setpoint. Conversely, if the temperature drops below the setpoint, the chiller is turned off

until the desired temperature is achieved.

After its construction, the Environmental Chamber (EC) was tested and calibrated to verify its
temperature regulation capabilities during experiments. The EC was placed on a benchtop in a
laboratory set to a room temperature of 18°C. During testing, the chiller was set to 5°C. Aquariums
1, 2, and 3 were filled with milli-Q water. Class A PT100 temperature probes (with an accuracy of
+0.15°C) were positioned on the cooling plate, on the wall opposite the cooling plate, and inside
the aquariums. Data was collected over a 12-hour period. The temperature probes were
connected to a Campbell Scientific CR5000 datalogger, which recorded temperature readings
every 6 seconds and averaged them over 150 seconds. The recorded temperature

measurements were the average of 25-second intervals.

Figure 5-3 illustrates that the aquaria within the Environmental Chamber (EC) take approximately
8 hours to reach the desired temperature, while the EC itself requires about 2 hours to stabilize.
When the chiller is set to 5°C, the temperature in the aquaria adjusts to between 5.3°C and
5.85°C. The cooling plate maintains the set temperature of +5°C, whereas the temperature on the
EC wall opposite the cooling plate ranges from 6°C to 5.3°C, depending on the coolant flow
direction from the exit to the entrance (see Appendix B2). The chiller was subsequently adjusted

to 8°C, and the resulting data is provided below.
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Figure 5-3: Temperature mapping for the aquariums within the EC, when chiller temperature is set to 5°C.

52



13

12 Aquarium 3
— = Aquarium 2
11
v Aquarium 1
>
=
© 10
(]
Q.
g
2 9

8

7

0 2 4 6 8 10 12
Time (hours)

Figure 5-4: Temperature mapping for the aquariums within the EC, when chiller temperature is set to 8°C

For a set temperature of 8°C on the chiller, the aquaria regulate to between 8.5°C and 8.7°C
(Figure 5-4). The cooling plate regulates to 8°C while the EC wall opposite the cooling plate
regulates between 8.3 and 9.0°C (Appendix B2). The data shows that once temperature is
regulated within the aquaria, it is not subjected to fluctuations. Overall, the temperature variation
within the EC is + 1.0°C suggesting that the chamber could perform optimally as a temperature-
regulated chamber. The EC together with the aquaria setup needs to be switched on for 8 hours

to acclimatize before an experiment is considered started.

5.1.3 Lighting within the EC

The light fixture attached to the top plate of the Environmental Chamber (EC) is a 200W Wide
Growth Spectrum light with a dimmer, designed to support full photomorphogenic plant
responses. It has a spectrum range of 450-650nm and can achieve a Photosynthetic Photon Flux
Density (PPFD) of up to 3500umolm™2s7t. The dimmer allows for adjustable light intensity. This
fixture is well-suited for measuring chlorophyll a, as it operates within the relevant wavelengths of
400-500nm and 600-700nm. Additionally, it provides a full range of PPFD similar to natural light

conditions in the Antarctic.

Light received by the phytoplankton in the aquariums will be measured by the CS310 quantum

sensors, sitting below the aquariums. The self-powered, full spectrum sensors are able to
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measure a PPFD of up to 4000pmolm™2s™1, The dome-shaped sensors are 2.4cm in diameter and
3.5cm in length and, have an operating temperature range of -40°C to 70°C. The sensors are
compatible with a Campbell Scientific CR300 data logger (Campbell Scientific Africa, 2019).
Placement of sensors is as shown in the front view of the EC in (Appendix B3) i.e., at the bottom

of the aquariums in the middle.

The light fixture provides a very high PPFD, giving light of up to 3500umolm~2s™t, Dimming the
light to 10% gives the results as in Figure 5-5. When the testing was conducted, placeholders 1,
2 and 3 had aquariums 1-3 on top of the par sensors, while position 4 was left bare. The
aquariums had 1L of milli Q water in them. Par 4 readings thus give the light data in the EC while
Par 1-3 readings show how light is filtered when there is milli Q water in the aquariums. Par 4
readings are superimposed on par 2 readings suggesting that the par sensor in position 2 sits
such that it receives exactly the same light as when there is no aquaria on it. The milli g therefore
does not filter any light. Seeing as the light covers the whole aquarium, all aquariums are said to
be receiving the same amount of light. Slight variations in PAR sensor readings are attributed to
their positions within the EC, though these differences are minimal.

The par readings all note that the light needs up to 2 hours to acclimatize before the experiment
can officially begin. Milli Q water filters very little light as shown by the par readings. The
experiment was repeated with the light fixture dimmed to 10% and covered by a shade filter. The
results followed the same trend, with detailed outcomes provided in Appendix B2.
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6 PHYTOPLANKTON BASED EXPERIMENTS
USING THE DESIGNED EC

6.1 Experimental protocol and method of analysis

The aim of the research conducted in this study was to ensure the suitability of the designed EC
for phytoplankton experimentation. To achieve this aim, only variations in irradiance and
temperature were examined. As stated in the scope of this dissertation, phytoplankton species
utilized in this study were obtained from ice cores retrieved from the Marginal Ice Zone in the
Southern Ocean during the SCALE spring cruise in 2019. Detailed information regarding the
sampling stations is provided in Table 6-1 (Hambrock, Rampai and Walker, 2021).

Table 6-1: Sea ice sampling stations for the SCALE 2019 spring cruise

Station Type |Date Latitude [N] [Longitude [E]
Consolidated 24 October 2019 -59.3248 0.066617
Consolidated 24 October 2019 -58.9833 0.011883
Consolidated 29 October 2019 -59.3645 8.158917
Consolidated 30 October 2019 -59.4726 10.88933

After sampling and transporting the initial hybrid systems to the UCT labs, hybrid systems were
melted 29-39 days post the 2019 spring cruise. Melting of the hybrid tanks and storage of
phytoplankton are detailed in Chapter 4.1.1. The phytoplankton species transported using the
initial hybrid tank on the SA Agulhas Il, were determined via microscopy to be diatoms. No
individual species were separated from the community for experimentation, to minimize potential
stresses on the diatom species due to manipulation during size fractionation or selection.
Additionally, no grazers were removed before experimental analysis. Therefore, it was crucial in
this study to conduct a baseline experiment to identify and quantify the species within the

community before carrying out the relevant experiments.

Phytoplankton diatom species were originally stored at 5°C in glass bottles where they were

provided with a continuous supply of air and nutrients. Prior to experimentation, three aquariums
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were setup in the EC fabricated in Chapter 5 and designated the experimental aquaria. A nutrient
solution was transferred into the experimental aquaria followed by the addition of a 200ml solution
containing phytoplankton from the glass bottles into each aquarium. The nutrient solutions utilized
in this study contained phosphate, nitrate, and silicate and this is outlined in Appendix C. Artificial
sea water was then added to each aquarium to bring the total volume of the solution to 1L,
ensuring proper dilution and consistency across all experimental setups. Salinity in the aquaria
was maintained at 34psu. A fourth aquarium was filled with milli Q water and placed in the EC to

allow for humidity. All aquariums were left open to allow for gaseous exchange to take place.

The temperature within the EC was set to 5°C to ensure consistency with the conditions the
phytoplankton had been accustomed to. Additionally, the irradiance level was set to 200pumolm-
251, This decision was informed by observations during the 2019 spring cruise, which revealed
that the highest irradiance received by ice phytoplankton during ice melting was approximately
200pumolm2s™t, The first experiment, termed the “baseline experiment” was run for 6 weeks.
During the experiment, samples were taken from the experimental aquaria for chlorophyll A in
Vivo analysis, nutrient analysis, and for phytoplankton identification and counting.

Samples were taken for chlorophyll A in Vivo measurements twice every week (Figure 6-1) and,
for nutrient analysis once every week (Figure 6-2). Before sample collection, aquariums were
gently stirred with a milli Q rinsed glass rod to ensure the suspension of phytoplankton cells within
the aquaria. A Trilogy Turner Designs fluorometer was used to measure chlorophyll A in Vivo of
the obtained samples. 3.0ml was sampled from each aquarium and measured for fluorescence in
the fluorometer. The choice of chlorophyll A in Vivo measurements for the experiments was based
on the minimal sample requirement, as only 3ml was needed, thereby allowing for tracking the
presence of photosynthetic matter in the aquaria. Additionally, an extra 3.5ml sample was taken
from the aquaria to measure phosphate levels in the system, following the protocol outlined in

Appendix D.
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Figure 6-1: Chlorophyll A in Vivo measurements for experimental aquarium 1 at 5°C and 200umolm-2s?
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Figure 6-2: Phosphate measurements for experimental aquarium 1 at 5°C and 200pumolm-2s?

Community quantification in the experimental aquaria was conducted using microscopy.
Samples, each measuring 3.5ml, were collected both at the beginning and the end of each
experiment. The samples were collected from the top, middle, and bottom of the experimental
aquaria. To preserve them, 1% glutaraldehyde was added to each, and they were stored in an
8°C refrigerator until analysis. For each experimental aquarium, a sample was poured into a

single-well microscopy slide. Slides were left to rest for about 10 minutes before counting and
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identification, to allow for the settling of algae, due to the depth of slides. The wells had a diameter
of 26mm and a depth of 5.0mm, totaling a volume of 2.7ml per well. Phytoplankton counting with
the microscope was done as discussed in 4.2.1. Identification of phytoplankton species is as seen
in Figure 6-3 and Figure 6-4 which illustrate the prevalent pennates and centrics used in this
study.

A Bray Curtis dissimilarity between aquaria 1 and 2 and aquaria 1 and 3 showed significant
differences in species quantity and type amongst the three aquaria. This is attributed to the fact
that source of phytoplankton species in the individual experimental aquaria not from the same
location. Aquarium 2 had the most varied species (Figure 6-7), thus only results from aquaria 2
are shown in 6.2.2 and 6.2.3, with aquaria 1 and 3’s results documented in Appendix E. Despite
the variation of species, the trends within the three aquaria were observed to be the same
(Appendix E). Shapiro Wilk tests were conducted on all experiments for the individual species
groups, for significance of tests conducted. Only 30% of the groups for a quarter of the
experiments were found to be normally distributed. Normality was therefore not assumed.
Wilcoxon signed ranked tests were therefore performed, comparing concentrations of a
taxonomic group at a certain temperature or irradiance to concentrations of the same group at

another temperature or irradiance, to test significance of results.

Figure 6-3: Pictorial view of the pennate taxa: (A) Navicula species (B) Cylindrotheca closterium (C) Fragilariopsis
kerguelensis (D) Unidentified pennates (E) Proboscia
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Figure 6-4: Pictorial view of the Centric taxa: (A) Chaetoceros (B) Unidentified centrics

Figure 6-5 illustrates how the data is presented in concentration per ml before and after
experimentation. In order to fully analyze the extent of the difference before and after
experimentation, the difference between species composition before and after experimentation
was calculated and expressed as a percentage of the initial composition before experimentation.
This is as illustrated in Figure 6-6. Moving forward, only the species percentage difference is
presented with the actual cell concentration given in Appendix E.
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Figure 6-5: Cell concentration per ml in aquarium 1 before and after experimentation at 5°C and 200pumolm-2s1
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Figure 6-6: Cell concentration per ml difference in aquarium 1 at 5°C and 200pmolm-2st

6.2 Experimental Results

6.2.1 Baseline experiments

Pre incubation in the EC, the three experimental aquaria showed that diatoms were the only
phytoplankton present and of these were mostly pennate diatoms, then centrics. The ratio of
pennates to centrics was determined to be roughly the same in all three aquaria i.e., 79%:21%.
Figure 6-7 shows the different taxonomic groups in the three aquaria. Of note, the Cylindrotheca
closterium, unidentified pennates and unidentified centrics were common in all three aquaria. The
different taxonomic groups varied in each aquarium with the highest cell concentration and the
widest range of species found in aquarium 2. A lot of debris was also identified across all aquaria.
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Figure 6-7: The different pennate and centric taxa in the baseline before experimentation

Figure 6-8 gives the chlorophyll A in Vivo measurements for the three different aquaria six weeks.
The in Vivo measurements show that phytoplankton had a negative growth rate throughout the
six weeks. At the beginning of the experiment, aquarium 1 had the greenest color of the three
aquariums giving a noticeable film of phytoplankton. This corresponds with the high chlorophyll A
in Vivo measurement of aquarium 1 at the beginning of the experiment. By the end of the
experiment, all aquariums showed clear solutions. Aquarium 1 and aquarium 3 showed overall
decreasing rates of the phytoplankton species. Aquarium 2 however, showed noticeable variable

increasing and decreasing rates of the different phytoplankton species.
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Figure 6-8: Chlorophyll A In Vivo measurement on the three different aquaria.
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The chlorophyll A in Vivo measurements are not a true representation of the cell count as the
sampled solution might not be homogeneous. A true homogeneous solution can only be acquired
by obtaining larger than 3.0ml samples. Chlorophyll A in Vivo measurements will therefore only
be interpreted in trends and not the individual points.

Phosphate measurements (Figure 6-9) taken once every week, to determine if phytoplankton
were using the nutrients, show that, for the baseline experiment, the phytoplankton did not use
the phosphate nutrients Instead, phosphate concentration in the experimental aquaria increased.
The absence of nutrient utilization correlates with the negative growth rate indicated by the in Vivo
measurements. Furthermore, the rise in phosphate concentration might be attributed to dying

phytoplankton cells releasing phosphate into the solution.
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Figure 6-9: Phosphate concentrations over a period of six weeks

An analysis of the cell concentration via microscopy (Figure 6-10) at the end of the six weeks
showed that only the Navicula species, Cylindrotheca closterium and unidentified pennates were
present at the end of the six weeks, in very small amounts. Despite the high nutrient concentration
as shown by the phosphate levels in Figure 6-9 and, with phytoplankton being subjected to
previous storage temperature of 5°C, majority of the phytoplankton species did not survive. In
particular all centrics did not survive even though Campbell et al. 2018 suggests that centric

diatoms thrive when there is high light. Despite the established association between high nitrate

63



concentrations and diatom proliferation (Ardyna et al., 2020; Dugdale and Wilkerson, 1991),
nearly all diatoms failed to survive the baseline experiment, even with the increased nutrient
levels. Natarajan (1970) found that in excess NH4* is toxic to phytoplankton as it makes the
environment acidic. The decrease in cell concentration was therefore attributed to the high light
intensity and possible intoxication of species due to increase in NH4* as a result of death of
phytoplankton (Natarajan, 1970).

Although Fiala and Oriol (1990) found that diatoms obtained from the Southern Ocean have
optimal growth at irradiances between 115umolm2stand 220umolm2s?(Yan et al., 2019; Spilling
et al., 2015), this study preliminarily shows that the sea-ice phytoplankton species experimented
on, get photo inhibited with light of intensity 200umolm2s™ and possibly higher. This outcome
aligns with observations from the SCALE 2022 winter cruise to the Marginal Ice Zone, which
recorded an average under-ice irradiance of 1.05pmolm-2s, with phytoplankton species receiving
less than 1% of incident photosynthetically active radiation (PAR). Additionally, these findings are
consistent with the observations of Castellani et al. (2020), who noted that the highest under-ice
PAR levels ranged from 4.5 to 21umolm2s?in the central Arctic during summer. Given that most
species did not survive exposure to high light irradiance, it was tentatively concluded that this
threshold represents the upper limit of irradiance tolerable for the phytoplankton species under

investigation.
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Figure 6-10: Cell count at the end of the baseline experiments
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6.2.2 Irradiance variation

With the upper threshold of irradiance being determined to be 200umolm=2s?, a middle-level
irradiance was required, and this was achieved by applying a shade filter to the light source. The
irradiance was changed to 42umolm=2s?. An experiment was conducted in the EC at 5°C to
determine the response of the phytoplankton species to the change in irradiance. The chlorophyll
A in Vivo measurements are as shown in Figure 6-11 (Medium light). The data shows a decrease
in chlorophyll A in Vivo for the first one and a half weeks indicating adaptation time for the
phytoplankton species. Following this period, chlorophyll A levels increased.
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Figure 6-11: Chlorophyll A in Vivo measurements for high (200umolm-2s), middle (42umolm-2s and No (Opmolm2s-
1) irradiance variations at 5°C in aquarium 2

The phosphate concentrations however indicate that even though chlorophyll A in Vivo
measurements start to increase after one and half weeks, some phytoplankton species continue
dying beyond two weeks (Figure 6-12; Medium light). Nutrient consumption is only really seen
after four weeks. Cell count shows that only the Navicula spp, Cylindrotheca closterium and the
unidentified pennates survived till the end of the experiment, as with high light (Figure 6-13, Figure
6-10, Aquarium 2). This suggests a preliminary conclusion that these three species, in particular,
demonstrate an ability to acclimate to a broader range of light intensities. Notably, Cylindrotheca
closterium is recognized as a common diatom capable of adapting to diverse environmental
conditions (Harada, 2016). The absence of vertical stability, such as the presence of ice, may
also contribute to the mortality of certain phytoplankton species. Observations revealed that

phytoplankton species adhered to the walls of the aquariums, potentially restricting their access
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to nutrients. This phenomenon could have resulted in limited nutrient availability, further

exacerbating the challenges faced by the phytoplankton populations.

Palmisano and Sullivan (1982) suggests that 0 to 46pmolm2s? is a good approximation for light
intensity phytoplankton under ice receive, and thus, can handle. This study does show that some
of the phytoplankton species can handle irradiances of up to 46pmolm-2s. Comparisons between
high light and medium light (Figure 6-14) show not much difference in terms of photo adaptability,
however. Juhl and Krembs (2010) demonstrated in laboratory experiments that while small
increases in light intensity can enhance algal growth, higher irradiances, up to 110pumolm™s7,

can suppress growth.
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Figure 6-12: Phosphate concentrations for high (200pumolm2s1), middle (42umolm-2s and No (Opmolm-2s)
irradiance variations at 5°C
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Figure 6-13: Before and after cell concentration difference for a 6-week experiment to determine adaptability of
species to irradiance Opmol/m?/s, 42pmol/m?/s and 200umol/m?/s 5°C.

Phytoplankton species were then experimented on in the dark to determine if growth would occur
and possibly increase cell concentrations. The experiment was conducted in the EC at 5°C in the
dark. Chlorophyll A in Vivo measurements (Figure 6-11 -No light), indicate that after an adaptation
time of two and a half weeks, the phytoplankton species start to grow. Figure 6-12 shows that
phosphate amounts increase however, suggesting possible release of nutrients in the system via
death of some phytoplankton species. NOx and NH4* would have been more crucial nutrients to
measure in this project, given the significant phytoplankton die-back. The bacteria likely
consumed these cells, thereby altering the nitrogen dynamics in the water. Based on these
results, it is hypothesized that ammonium levels would have increased as a result, which is less
favorable for diatom growth. An analysis of phytoplankton species via microscopy before and after
the experiment (Figure 6-13) shows that all species except for the unidentified pennates

decreased in cell count.

One tailed paired sample Wilcoxon ranked tests comparing change in the concentrations of the
taxonomic groups at high irradiance to concentrations of the same group at medium irradiances
were performed to determine statistical significance of the developed trends. The same test was
also conducted for comparison between medium irradiance and no irradiance. The null hypothesis
of the tests was that concentration changes were the same. For the species outlined in Table 6-
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2, Wilcoxon ranked tests show statistically significant growth (P<0.05) for the unidentified

pennates under no irradiance and significant reduction for medium and high irradiances, with a

rejection of the null hypothesis.

Table 6-2: One tailed paired-sample Wilcoxon signed-rank tests comparing taxonomic group concentrations at
different irradiances with n=3 for each group.

High irradiance

Medium

Taxonomic group vs medium irradiance vs no
irradiance irradiance
P value
Cylindrotheca closterium 0.034 0.23
Navicula 0.33 0.32
Fragilariopsis kerguelensis 0.21 0.5
Unidentified pennates 0.1 0.06

6.2.3 Temperature variations

Following observations indicating negative growth among species in darkness at 5°C, it was

decided to elevate the temperature to 8°C and conduct further experimentation on the

phytoplankton in the absence of light. The increase in temperature resulted in a notable increase

in cell concentration across all phytoplankton species.
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Figure 6-14: Chlorophyll A in Vivo measurements for experimentation on phytoplankton species in the dark at 8°C

and 5°C

68



Figure 6-14 illustrates phytoplankton growth in the aquaria. Interestingly, at higher temperatures,
phytoplankton required less time to adapt, as observed in this case, with an adaptation period of
only 1.5 weeks. Of all the experiments carried out in this study, Figure 6-15 (8 degrees)
demonstrates the highest uptake of nutrients. Noting that sea-ice phytoplankton receive very
small amounts of light in their natural habitat, it is therefore expected that all phytoplankton
species would increase in cell count in the dark making use of the available nutrients. Figure 6-
16 shows the cell concentration per species and of note, the centrics which preliminarily show the

most photoinhibition when compared with pennates, thrived in the dark.

All phytoplankton increased in cell concentration and in particularly, the unidentified pennates.
The size of the unidentified pennates however remained small i.e., 10um while other species
increased in cell size. For instance, Cylindrotheca closterium increased in cell size from 30um to
50um. One tailed paired sample Wilcoxon ranked tests comparing change in the concentrations
of the taxonomic groups at high temperature to concentrations of the same group at low
temperature showed statistically significant (P< 0.05) increase in cell count for all species in
Figure 6-16.

Sugie et al. (2020) demonstrated that increases in temperature and dissolved carbon dioxide
within a fully liquid environment promote the growth of diatom species such as Cylindrotheca
closterium and Pseudo-nitzschia, while leading to the decline of Thalassiosira spp. Similarly,
Torstensson et al. (2019) found that rising temperatures correlated with enhanced growth rates
among diatom species. Additionally, Yan et al. (2019) identified that Nitzschia cf. neglecta, an ice
diatom, exhibited optimal growth rates at 10°C, compared to 2°C, under irradiance levels of
100pmol m~2 s71. Although sea ice phytoplankton typically inhabit environments with temperatures
around -1.8°C, preliminary results indicate that sea ice species capable of surviving transportation
and acclimatizing to experimental conditions displayed improved growth at elevated

temperatures, specifically 8°C compared to 5°C.
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Figure 6-15: Phosphate concentrations for experimentation in the dark at 8°C and 5°C
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Figure 6-16: Species cell count before and after experimentation difference In the dark at 8°C
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7/ OVERALL DISCUSSION

Controls of sea ice phytoplankton growth are still not well understood. This study therefore aimed
to investigate the response of phytoplankton species to different temperature and light conditions.
To do this, firstly a previously designed hybrid tank (Hambrock, Rampai and Walker, 2021) had
to be optimized so that it could be used to obtain phytoplankton species from the Marginal Ice
Zone in the Southern Ocean. The hybrid tank can hold ice cores and water at its freezing
temperature i.e., -1.8°C, by making use of insulation and heating cables. The previously designed
hybrid tank as in Figure 4-1A, satisfies control over temperature and access to nutrients for
phytoplankton. The hybrid tank however needed to be improved to increase phytoplankton
species survival rate during transportation from the Southern Ocean to land-based facilities. The
hybrid tank was successfully optimized by changing the size of the tank and adding irradiance to
the tank. Optimization also included making changes to the sampling protocol associated with the
hybrid tank.

Decreasing the size of the tank, while maintaining the L/D ratio, significantly improved
temperature control in the tank. Since there was no mixing in the tank, there was an uneven
distribution of heat in the initial hybrid tank. This meant that the temperature probe was accurate
to a certain part of the tank resulting in noticeable changes in the ice depth as ice continuously
melted and froze during transportation. Decreasing the size of the tank reduced the ice depth
fluctuations that occurred in the initial hybrid tank to between 10 and 15mm as opposed to nearly

100mm in the initial tank.

Irradiance conditions experienced by the phytoplankton at the MIZ sampling site in the SO were
measured using handheld par sensors. The measured irradiance values were incorporated into
the hybrid tank. This was done to simulate the irradiance conditions experienced in the MIZ in the
hybrid tank. The irradiance was provided by LED strip lights attached to the lid of the hybrid tank.
Par sensors were also fitted at the bottom of the tanks to track the light intensity of the provided

irradiance during the transportation of samples from the Southern Ocean to land-based facilities.

The combined effects of reducing the size of the hybrid tank, incorporating irradiance, and refining
the sampling protocol resulted in microscopy analysis demonstrating an increase in the cell
concentration of phytoplankton species within the hybrid tank, in comparison to starting
concentrations, and solid and liquid transport (Figure 4-8). Solid transport exhibited a decrease in

cell concentration attributed to brine loss, while liquid transport displayed a significant decline in
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cell concentration possibly due to inadequate aeration and nutrient scarcity. Consequently, liquid
transport proved incomparable to both solid and hybrid transport methods and warrants
modification. It was anticipated that changes in phytoplankton concentrations would occur during
hybrid transport, as the design of the hybrid system aimed to promote growth by alleviating
nutrient and light limitations. The documented increase in cell concentration in the hybrid tanks,
as illustrated in Figure 4-9 and Figure 4-10, underscores the effectiveness of the optimized hybrid
tank in preserving phytoplankton species. Thus, the optimized hybrid tank not only promotes the

survival of diverse phytoplankton species but also facilitates their preservation.

Additionally, it's important to acknowledge the limitations of the hybrid tank. Full control over all in
situ environmental conditions found in the Southern Ocean is not possible in the hybrid tank.
Waves and snow cover could not be added to the tank. The hybrid tank however in its form is
sufficient for the transportation of different phytoplankton species and possibly experimentation

on the phytoplankton species.

Before experimentation on the obtained phytoplankton species could commence, an
environmental chamber had to be constructed for housing aquaria where phytoplankton species
would reside during experimentation. A tabletop environmental chamber was successfully
constructed. The environmental chamber houses 4 aquaria and offers temperature and light
intensity control. A cooling plate receiving coolant from a chiller is used to regulate temperature
in the EC. The functional chamber as in Figure 5-1, was tested for temperature control and proved
to have a maximum temperature deviation of +1°C. The environmental chamber, however, has
to be temperature regulated for 8 hours before experimentation can begin. The environmental
chamber was designed with perforations on the side for aeration and it has been designed such
that an aquarium filled with water constantly has to be in the chamber to provide humidity. The
environmental chamber makes use of an LED light whose light intensity can be adjusted by using
shade filters. Light intensity is tracked with par sensors sitting at the bottom of the aquaria in the
chamber. The chamber has been designed only for liquid bath experimentation on sea ice
phytoplankton.

Post construction of the environmental chamber, phytoplankton species were introduced into the
aquaria and irradiance and temperature experiments conducted on them. For an irradiance
variation at 5°C, the light intensities used were 200umolm=2s, 42umolm2s* and Oumolm-2s. All
the diatom species experimented on were photo inhibited at 200pmolm2st with only Navicula
spp, Cylindrotheca closterium and the unidentified pennates showing limited cell concetration at

the end of the experiment. Microscopy also showed that Navicula spp, Cylindrotheca closterium
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and the unidentified pennates survived irradiances of up to 42umolm=2s?. This study thus
demonstrates the resilience of Navicula spp, Cylindrotheca closterium, and unidentified pennates
for a light intensity range 0-200umolm-2s™. All other diatom species examined in this study can be
tentatively classified as shade-adapted, indicating that further investigations into their irradiance
requirements are warranted, particularly within the range of 0 to 42umolm-2s? at 8°C. In addition
to irradiance experiments, a temperature comparison revealed that the diatom species

experimented on favor warmer temperatures, in this case 8°C to 5°C.

The death of phytoplankton led to the release of nutrients into the aquaria. As depicted in Figure
6-9, there was a continual increase in phosphate levels throughout the experiment, coinciding
with a decrease in chlorophyll A in vivo. This rise in phosphate indicates an overall increase in
nutrient levels within the aquaria. Tyagi, Ahmad, and Malik (2022) have demonstrated that excess
nitrogen in aquatic systems can be harmful, leading to the depletion of dissolved oxygen and
consequent marine life mortality. Additionally, Natarajan (1970) found that ammonia
concentrations exceeding those typical of natural environments are toxic to marine diatoms. To
prevent nutrient concentrations from reaching toxic levels for the phytoplankton species, it is
imperative to monitor not only phosphate but ammonium and silicate levels as well, the latter
being a vital diatom nutrient (Thomas and Dieckmann, 2009), throughout the duration of the

experiment.

A limitation of this study was agitation only being conducted twice a week during sampling.
Agitation was achieved by gently stirring the aquaria with a clean rod before sampling, and it was
limited to twice a week to prevent shredding of phytoplankton species. However, due to cells
adhering to the walls of the aquaria, attributed to the lack of vertical stability, more frequent
agitation is necessary to keep cells in suspension. Ensuring cells remain in suspension is crucial

to avoid nutrient limitation within the system.

Ardyna et al. (2020) argue that for ice algae to be mass released into the water column, a
meteorological event would have happened, suggesting that ice phytoplankton do not do well in
free waters. Guglielmo et al. (2000) studied the bottom-ice algal communities in the Terra Nova
Bay and discovered that they were dominated by species not found in free waters. Due to their
sticky nature, ice algae aggregate in ice and, as such have a lower residence time in column
waters (Meiners et al., 2008). This is a major limitation when culturing phytoplankton whether
from the Southern Ocean or the Arctic waters, and partly why Vancoppenolle and Tedesco (2016)

and Ryan et al. (2011) advocate for in-situ studies.
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It is inherently difficult to grow phytoplankton species because of the strict environmental
requirements that are virtually impossible to recreate. Nonetheless, the experiments conducted
in this study demonstrate the feasibility of culturing phytoplankton species capable of surviving
transportation, and obtaining responses comparable to those observed in situ. However further
improvements in the culturing methods can be made to mimic in situ conditions. Addressing
factors such as the lack of continuous agitation, nutrient limitation towards the end of the six-week
experiments due to batch culturing, and the potential presence of grazers are areas that warrant
attention and improvement. This study highlights that culturing phytoplankton species can provide
valuable insights into their responses to environmental changes, and with enhancements to the

Environmental Chamber, this avenue of research should be pursued further.
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The overall aim of this study was to investigate response of phytoplankton species to different

temperatures and irradiances. The overall conclusions of this work are as below:

The previously designed hybrid tank was successfully optimized via reduction in size of
the tank and inclusion of irradiance in the tank. Optimization also included improvements
to the previously used sampling protocol. The tank was successfully used to bring
phytoplankton from the Marginal Ice Zone of the Southern Ocean to land based facilities
at the University of Cape Town. The optimized tank promotes survival of the different
phytoplankton species which is particularly important for experimentation. The tank also
results in an increase in cell concentration of phytoplankton during transportation.
A table-top environmental chamber housing four aquariums was successfully designed
and constructed. The environmental chamber regulates temperature and radiation. The
chamber was successfully used in performing experiments on phytoplankton.
The diatom species from the Marginal Ice Zone of the Southern Ocean were successfully
experimented on.
- The diatom species investigated in this study are mostly shade adaptative, being photo
inhibited at irradiances between 42 and 200umolm-2s, with the exception of Navicula
spp, Cylindrotheca closterium and the unidentified pennates.

- Surviving diatom species favor warmer temperatures, in this case 8°C over 5°C.

8.2 Recommendations

The hybrid system designed in this work was successful in increasing phytoplankton cell

concentration and preserving species. However, only one tank was a success. It is therefore

recommended that the hybrid tanks be tested again in spring with three hybrid tanks being used

to obtain cores per station. Spring offers a greater chance of coring from multiple stations favoring

both consolidated and open drift stations. Furthermore, it is advised that the original protocol of

melting tanks in different time intervals be followed i.e., one week, 6 weeks, and 12 weeks post-

cruise.
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The designed environmental chamber only allows for liquid culturing of a few phytoplankton

species and has considerable potential

It is recommended that agitation be incorporated in future work. Cells tended to stick to
the walls of the aquaria, therefore it can be concluded that stirring with a rod twice a week
was not enough to keep cells in suspension. The EC thus has to be optimized such that
gentle automatic agitation is incorporated.

The EC can be retrofitted to perform ice experiments. A cold finger can be designed and
together with the aquaria in the environmental chamber, be used for ice experiments. The
EC will prove beneficial for initial ice experiments as it provides an enclosure with
temperature control.

It is also recommended that PAR and temperature measurements conducted when
testing the EC, be conducted with artificial seawater as opposed to milli Q water. The EC
is designed for experimentation with phytoplankton in seawater and, as such the solutes

in the artificial seawater impact these measurements.

The initial liquid culturing of phytoplankton gave preliminary data, however more work still has to

be conducted for more accurate results.

Species can be isolated and their response to irradiation changes and temperature
measured. This will determine if certain species are indeed photo-inhibited at certain
irradiances or if other species-species interactions are at play.

Phytoplankton responses to irradiances between 0 and 42pmolm?s? should be
measured. This study already showed that most species are shade-adaptive. This will help
determine the exact irradiances at which the shade adaptive species are photo-inhibited.
At low irradiances, phytoplankton should be investigated in ice, to determine whether
vertical stability will still influence cell concentration as would have been discovered in
liquid culturing.

Batch culturing results in nutrient limitation towards the end of the experiment. This has
been shown in this study and it is thus recommended that for a six-week experiment,
nutrients be supplemented mid-experiment i.e., after three weeks of starting the
experiment. Furthermore, it is recommended that the impact of sample removal on
temperature, salinity, and nutrients be tested on seawater when the EC is tested for control

of PAR and temperature.
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In addition to phosphate measurements, it is also recommended that nitrate and silicate
measurements be conducted. As a result of the death of phytoplankton, nitrogen dynamics
would have changed in the aquaria. This would also have to be accounted for as nitrogen
is not the preferred nutrient of diatoms.

Before experimental analysis, grazers were not removed. Grazers not being accounted
for in the experiments means their influence on the experiments and certain species is

unknown. This should be considered in future work.
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APPENDICES
Appendix A: Optimization of the Hybrid Tank

A1l: Determination of daylight hours

Table A. 1:Calculation of Daylight hours at sampling sites

Sample 1
Day of the year ‘ 205
Revolution angle ‘ 2.094
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Declination Angle -0.2
Latitude -59.1649
P 0.000
Daylight Hours 6.97

Table A. 2: Day length definitions defined by the position of the sun with respect to the horizon (Forsythe et al., 1995)

Day length definitions (With and Without Twightlight)

P (degrees)

Sunrise/Sunset is when the center of the sun is even with the 0.000

horizon

Sunrise/Sunset is when the top of the sun is even with the | 0.267
horizon

Sunrise/Sunset is when the top of the sun is apparently even 0.833
with the horizon

With Civil twilight 6.000
With nautical twilight 12.000
With astronomical twilight 18.000

This value is the summation of the radius of the sun (in degrees as seen from Earth) plus the

adopted value for the refraction of the light through the atmosphere of 34 minutes (Astronomical

Almanac 1992)
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A2: Additional images and figures

Figure A. 1: On deck coring of pancake

Figure A. 2: Setup of hybrid tank with open insulation during transportation
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Table A. 3: Additional information on cores collected during the SCALEWIN 2022 in the marginal sea ice zone of the

Southern Ocean

Station Number

Station Type

' Open Drift Station

Date 24/07/2022
Opening time ' 7:30 am
Closing time 11:00 am
Time of extraction ' 9:00 am
Processing duration 00:30
Core depths (mm) 400
Latitude -59.1649
Longitude 1 0.85777
Temperature (°C) -2.0

Table A. 4: Microscopic cell concentration per mL for all taxonomic groups for the different transport systems

Species Immediate Hybrid Solid Liquid
preservation Tank 1 transport Transport
Navicula | 782 | 1612 1098 9
Cylindrotheca 610 1158 520 4
Pseudo Nitzschia 538 501 558 13
Fragilariopsis 691 1015 208 355
kerguelensis
Asterionellopsis 0 2 0 1
glacialis
Striatella 50 101 12 4
unipunctata
Unidentified 64 239 81 63
Pennates
Total Pennates 2735 4628 2477 449
Unidentified Centrics 165 370 45 3
Dactyliosolen 198 329 70 0
Dactyliosolen 519 455 114 8
antarctica
Chaetoceros 446 859 163 1
Asteromphalus 0 32 0 0
Total Centrics 1328 2045 392 12
Dinoflagellates 3 5 1 0
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Figure A. 3: Unidentified pennates as per Hambrock, Rampai and Walker (2021) studies.

Table A. 5: Microscopic cell concentration per Hambrock, Rampai and Walker (2021) studies for hybrid tank 1 sampled
-59.3248S, 0.066617E in the marginal ice zone of the Southern Ocean

Baseline  Hybrid tank 1 Liquid Species
culturing Growth

Unidentified pennates 1 34256.41 47958.97 12430.77 40%
Cylindrotheca 1435.897 5743.589744 0 300%
closterium
Pseudo-nitzschia 396.5812 1483.760684 82.05128205 274%
Navicula 82.05128 1100.854701 0 1242%
fragilariopsis 205.1282 574.3589744 0 180%
kerguelensis
unidentified pennate 2 0 47.86324786 0 100%
unidentified pennate 3 22 0 0 -100%
unidentified pennate 4 13.67521 0 0 -100%
unidentified pennate 5 65 0 0 -100%
unidentified pennate 6 27 0 0 -100%
unidentified pennate 7 218.8034 622.2222222 0 184%
unidentified centrics 12745.3 984.6153846 = 54.7008547 -92%
Odontella 1039.316 519.6581197 0 -50%
Dactyliosolen 656.4103 273.5042735 0 -58%
dactyliosolen 0 259.8290598 0 100%
phuketensis (2)
dactyliosolen 5811.966 15316.23932 0 164%
phuketensis (1)
dactyliosolen antarctica 656.4103 13.67521368 0 -98%
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Figure A. 4: Bray Curtis Dissimilarity for all modes of transportation in comparison with baseline count.

Appendix B: Environmental Chamber

B1: Insulation calculations for the EC.

Perspex and expanded polystyrene thicknesses used were per the smallest cuts provided by the
supplier. The first step was to investigate the ratio of internal resistance to external resistance,
internal resistance being conduction and external resistance being convection. This was done by
analyzing the Biot Modulus (Carnahan, et al., 1969). The ratio was calculated for the external
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layer, the Perspex layer. It was assumed that air in the lab is under forced convection due to
presence of air conditioning and thus h was taken as 250 Wm-2K* (Carnahan, et al., 1969).

% 0.84 X 0.52 X 0.56
h(%)  250(
. h(z 0.84 X 0.56 X 2
- - = 361> 10
Bi=— 0.18

Since the Biot number was >10, convection was therefore termed negligible, and conduction
determined to be the main heat transfer mechanism in the system. The Outside temperature of
the EC was therefore assumed to be the same as the room temperature i.e., 18°C. Radiation was
assumed negligible as the EC is indoors (Coulson & Richardson, 2002)

Polystrene Perzpex

[E——L1—m

Ti T3 = Tinfinity

L2

Figure B. 1 : illustration of heat transfer for the EC

For the EC, heat loss is considered greatest from the wall opposite the cooling plate. Heat loss
via conduction is considered thermal conduction and Fourier’s rate equation is applied in 1D for
a plane wall. (Coulson & Richardson, 2002). Wall is composed of 2 layers i.e., expanded

polystyrene layer (L1) and the Perspex layer (L2) (Figure B1). Assuming EC is set at 8°C.

L1 =50 mm = 0.05m k1=0.035 Wm'k! T1=281K
L2 =5 mm = 0.005m k2 = 0.18 Wmk T3 = 291K
L1 0.05
R1 = 3.37K/W

~ k141 0.035x0.83 x 0.51

95



L2 0.005

R2= 1042~ 018 xosaxosz  064K/W
Assuming steady state within the walls
T1-T3 281 — 291
q = —46.4W

T RL+R2Z 337+0064

Bearing in mind that the greatest heat loss is from the wall opposite the cooler then assuming that
all walls have the same heat loss, the total heat loss from the chamber upon cooling the EC to
8°C would be 185.6W. The EC thus makes uses of a 600W chiller, as per supplier limitation to
provide any chiller with power less than 600W.

B2: Temperature and Light mapping within the EC.
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Figure B. 2: Temperature mapping within EC at 5°C focusing on the cooling plate.
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Figure B. 3: Temperature mapping at 5°C within EC focusing on the EC walls
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Figure B. 4: Temperature mapping at 8°C within the EC focusing on the cooling plate
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Figure B. 5: Temperature mapping at 8°C within the EC.
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Figure B. 6: Par readings for light mapping in the EC when a shade filter is applied
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Figure B. 7: Par readings for light mapping in the EC when a shade filter is applied



B3: Additional drawings and pictures of the EC
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Figure B. 8: Front view of EC with its dimensions
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Figure B. 9: Top view of EC and its associated dimensions making use of key given in front view figure

Figure B. 10: Front pictorial view of the EC
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Figure B. 11: Side pictorial view of EC to show perforation.
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Appendix C: Nutrient solution

National Center
for Marine Algae
and Microbiota

Bigelow

Synthetic Ocean Water (SOW)

Component Stock Solution Quantity Molar Concentration in
Final Medium
Anhydrous Salts

NaCl - 24.5400¢g 4.20x10"M
Na:S0: --- 4.0900g 2.88x 10?M
KClL - 0.7000g 9.39x10*M
NaHCOs - 0.2000 g 238x10*M
KBr - 0.1000 g 8.40 x 104 M
HsBO= - 0.0030 g 4.85x10°M
NaF --- 0.0030g 7.15x 10°M
Hydrous Salts

MgClz.6Hz0 --- 11.1000 g 5.46 x10*M
CaClz.2H:0 - 1.5400 g 1.05x102M
SrClz.6H=0 - 0.0170 g 6.38x10°M

Major Nutrients

The major nutrients may be prepared separately as stock solutions and 1 mL of each
added to SOW to prepare 1 liter of medium. Alternatively, 10 of the stock solution may
be mixed directly with the SOW salts.

Component Stock Solution Quantity Molar Concentration in
Final Medium
NaH:PO.« Hz0 1.38 g L' dH20 1 mL 1.00x10*M
NaNOs 8.50 g L' dH:0 1 mL 1.00x 10“M
Na:Si03 9H:0 28.40 g L' dH:0 1 mL 1.00x 10“M
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Component Stock Solution Quantity ~ Molar Concentration in
Final Medium
EDTA --- 29.200 g 1.00x 10“M
FeCls.6H20 --- 0.270 g 1.00x 10*M
ZnS0:.7H20 --- 0.023 g 7.97x10%M
MnClz.4H:20 --- 0.0240 g 1.21x107M
CoClz.6H20 --- 0.0120 g 5.03x 10%M
Na:Mo00:.2H:0 - 0.0242 g 1.00x 107M
CuS0:.5H:0 499gL"dH0 T mL 1.96 x 10°M
Naz2Se0s 1.9gL"dH0 T mL 1.00x 10*M

Mixed Vitamin Stock Solution

To prepare, first make separate stock solutions of cyanocobalamin and biotin by
dissolving the indicated amounts into 1 liter of highest quality de-ionized water [e.g.,
MilliQ). To prepare the mixed vitamin stock solution, begin with 950 mL of high quality
de-ionized water, add 1 mL of the cyanocobalamin stock solution, 1 mL of the biotin
stock solution and 100 mg of thiamine. Bring the final volume to 1 liter with de-ionized
water. After completely dissolved, filter sterilize the solution and dispense into small
containers [e.g., 1-10 mL aliquots] and freeze. Use 1 mL of the mixed vitamin stock
solution for each liter of Aquil* medium.

Component Stock Solution Quantity Molar Concentration in
Final Medium
Thiamine (Vit. B1) --- 100 mg 2.97x107M
Biotin (Vit. H) 5.0g L' dH:0 1mL 2.25x10°M
cyanocobalamin [Vit.Biz) 5.5 gL' dH20 1mL 3.70 x 10'°M
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Appendix D: Phosphate measurement protocol

Background:

Phosphate (PO.*) concentrations are measured colourimetrically following the method of
Strickland and Parsons, 1968.

Reagents:

1)

2)

3)

4)

5)

6)

7)

Ammonium molybdate solution — 7.5 g of analytical grade ammonium paramolybdate
(NH4)sM07024*4H,0 in 250 mL DI water. Store in a plastic bottle away from direct sunlight.
Sulfuric acid solution — Add 70 mL of concentrated analytical reagent grade sulphuric acid to
450 mL of DI water. Allow the solution to cool and store in a glass bottle. Make this solution
in the fume hood and add the sulphuric acid to the DI water over time, this is an
exothermic reaction!

Ascorbic acid solution — Dissolve 13.5 g of ascorbic acid in 250 mL of DI water. Store the
solution in a plastic bottle frozen solid in the freezer. Ascorbic acid solution can only be kept
at room temperature for ~ one week, discard if brown in colour.

Potassium antimonyl-tartrate solution — Dissolve 0.34 g of potassium antimonyl-tartrate in 250
mL DI water, warming if necessary. Store in a glass or plastic bottle.

Mixed reagent (enough for 100 samples) — mix together 10 mL of ammonium molybdate, 25
mL of sulphuric acid, 10 mL of ascorbic acid, and 5 mL of potassium antimonyl-tartrate. NB:
mix the reagents together in order.

Mother 10 mM (10000 pM) phosphate stock — 1.3609g of Potassium phosphate monobasic
salt (H.KPO,) in 1 L of MilliQ. Store in a 1 L glass bottle.

Primary 50 pM phosphate standard — 0.5ml of mother stock (10 mM) in 100 mL of DIW. Store
in 250 mL glass bottle. This is to be made daily with the standards.

Collection protocol:

1)

On the log sheet, assign each numbered centrifuge tube (50 mL; blue lids) to a corresponding
depth (and Niskin bottle). Note the date, time, latitude and longitude, cast number, etc. on the

log sheet. (You can use the same tube that you use for nitrite).
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2) Atthe CTD, rinse each centrifuge tube three times with sample water, including the lids, and

fill to the ~45 mL line with sample water. Replace the lids.

3) These samples should be stored in the fridge if you are going to measure them within 12 hours

of collection or in the freezer at -20°C.

Analysis protocol:

1) Standard preparation: a new standard curve must be prepared and measured every day along

with the samples. The standards are prepared as follows:

*it is better to use the same pipette for all standards if possible

a) Using the 50 uM primary phosphate standard, prepare eight phosphate standards via

dilution with Milli-Q water using 50 mL glass volumetric flasks. The table below indicates

the volumes of mother stock that should be added (using the correct) pipettes to make the

standards.

b) Rinse the pipette tips three times in Milli-Q and once with mother stock. Pipette the desired

volume of primary standard into each volumetric flask and then fill to the line with Milli-Q.

Even though the volumetric flasks should be rinsed with Milli-Q after analysis, you should

still use the same volumetric flask for the same concentration standard each day. Shake

the flasks well.

Table D. 1: Phosphate concentrations and appropriate volumes used

Secondary PO.* | Volume of primary PO.® | Pipette to use (for 50ml
standard concentration | standard (mL) — 50 mL volumetric)
(uM)

0 0 -

0.25 0.25 100-1000 pl
0.5 0.5 100-1000 pl
0.75 0.75 100-1000 pl
1.0 1.0 100-1000 pl
15 15 100-1000 pl
2.0 2.0 500-5000 pl
3 3 500-5000 pl
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Sample preparation: Absorption measurement.

a) Transfer 5 mL of each standard, blank and samples into individually labelled test tube
using a 5 mL pipette (remember to make duplicates). Ensure you rinse the pipette three
times with Milli Q between samples and shake the centrifuge tubes vigorously before
decanting the sample.

b) Add 0.5 mL of mixed reagent into each test tube and vortex.

c) Allow to react for a minimum of 5 minutes and a maximum of 2-3 hours.

d) Zero the spectrophotometer with a test tube filled only with DI water (no added reagent).

e) Read the absorbances at 885 nm. Each standard (and blank) should be measured three

times. Record the absorbances in the log sheet.

Note: Turn the spectrophotometer on 30 minutes before you start measuring to allow the bulb to

heat up.
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Appendix E: Phytoplankton based experiments

Experiments carried out at 8°C
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Figure E. 1: Chlorophyll A in Vivo for experiments carried out at 8°C for an irradiance of 0 pmol/m?/s
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Figure E. 2: Phosphate measurements for experimentation at 8°C with an irradiance of O pmol/m?/s
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Figure E. 3: Cell concentration per ml before and after experimentation for aquarium 1 at 8°C and with an irradiance
of 0 pmol/m?/s
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Figure E. 4: Cell concentration per ml before and after experimentation for aquarium 2 at 8°C and with an irradiance
of 0 pmol/m?/s
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Figure E. 5: Cell concentration per ml before and after experimentation for aquarium 3 at 8°C and with an irradiance
of 0 pmol/m?/s
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Figure E. 6: Chlorophyll A in Vivo for experiments carried out at 8°C for an irradiance of 42 pmol/m?/s
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Figure E. 7: Phosphate measurements for experimentation at 8°C with an irradiance of 42 pmol/m?/s
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Figure E. 8: Cell concentration per ml before and after experimentation for aquarium 1 at 8°C and with an irradiance
of 42 umol/m?/s
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Figure E. 9: Cell concentration per ml before and after experimentation for aquarium 2 at 8°C and with an irradiance
of 42 umol/m?/
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Figure E. 10: Cell concentration per ml before and after experimentation for aquarium 3 at 8°C and with an irradiance
of 42 umol/m?/s

Experiments carried out at 5°C
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Figure E. 11: Chlorophyll A in Vivo for experiments carried out at 5°C for an irradiance of 0 pmol/m?/s
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Figure E. 12: Phosphate measurements for experimentation at 5°C with an irradiance of 0 umol/m?/s
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Figure E. 13: Cell concentration per ml before and after experimentation for aquarium 1 at 5°C and with an irradiance
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Figure E. 14: Cell concentration per ml before and after experimentation for aquarium 2 at 5°C and with an irradiance

of 0 pmol/m?/s
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Figure E. 15: Cell concentration per ml before and after experimentation for aquarium 3 at 5°C and with an irradiance

of 0 pmol/m?/s
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Figure E. 16: Chlorophyll A in Vivo for experiments carried out at 5°C for an irradiance of 42 umol/m?/s
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Figure E. 17: Phosphate measurements for experimentation at 5°C with an irradiance of 42 umol/m?/s
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Figure E. 18: Cell concentration per ml before and after experimentation for aquarium 1 at 5°C and with an irradiance

of 42 umol/m?/s
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Figure E. 19: Cell concentration per ml before and after experimentation for aquarium 2 at 5°C and with an irradiance
of 42 umol/m?/s
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Figure E. 20: Cell concentration per ml before and after experimentation for aquarium 3 at 5°C and with an irradiance
of 42 umol/m?/s
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