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ABSTRACT

Global warming and eutrophication are leading global change stressors that threatened coastal
environments. Water quality degradation has gained scientific attention in particular, especially
from the perspective of finding nature-based solutions (NBS) to microbiological proliferation.
Endobenthic crustaceans (including Southern African sandprawns: Kraussillichirus kraussi)
and microorganisms have proven to be an effective nature-based tools to improve and monitor
coastal water quality respectively. Previous research has proposed that the below-ground
burrow systems of K. kraussi function as a biofiltration system, whereby active bi-directional
water pumping by sandprawns causes phytoplankton cells to be adsorbed onto the walls of their
burrows, thus assisting in limiting phytoplankton proliferation associated with eutrophication.
However, little quantitative research has been done on the hypothesized biofiltration effects of
sandprawns and their burrow systems on microbial assemblages inhibiting the overlying water
column. This rationale formed the basis of my research, which aimed to experimentally
quantify the effects of common sandprawns on pelagic bacterial assemblages in a global change
context. This was achieved using a six-week laboratory mesocosm experiment, with each
experimental mesocosm being half-filled with water and sediment collected from Zandvlei
Estuary and divided into three treatments of varying natural sandprawn densities (0% (control),
50% and 100%), temperature (13.6°C and 29.4°C) and eutrophication (meso- and eutrophic)
levels. At the end of the experiment, water column DNA was collected through a size-
fractionated filtration process for DNA extraction followed by 16S rRNA amplicon analysis
and metagenomic sequencing was carried out. Results indicate that the bacterial communities
from the experiment were dominated by Proteobacteria (84.65%), but Margulisbacteria
(0.002%) was the least abundant. Multivariate analysis demonstrated that the interactions
between (1) sandprawn density and trophic state and (2) sandprawn density and temperature

significantly explained bacterial variance. Notably, increasing sandprawn abundance induced



a pelagic bacterial assemblage shift, with the most discriminating taxa being Citrobacter
freundii and the Enterobacterales. A significant sandprawn-induced reduction in the abundance
of Escherichia-Shigella coli was irrespective of the nutrient and temperature levels; these
bacteria are indicators of coastal water quality and human health risk. Ecosystem engineering
by K. kraussi thus reduced abundance of many waterborne pathogens (E. coli., Enterobacter
spp.), but other taxa became more abundant with increasing sandprawn density. Common
sandprawns and their habitats should be conserved to assist in averting the proliferation of some
waterborne pathogenic microbes (E. coli). This study supports the use of sandprawns (and
similar endobenthic engineers) as a NBS to control the proliferation of waterborne bacteria.
However, further research is necessary to understand the consequences of increasing

abundances of some bacterial taxa with sandprawn density.
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1. INTRODUCTION

Coastal ecosystems are regions of notable ecological diversity and biological productivity
(Filipuci, 2011). 17% of humans live in coastal areas less than 10 m above the sea level, but
this region accounts for 5% of the earth surface. Globally in addition, two-thirds of the human
population lives in less than 100 km of a coast (MEA, 2005; Inman and Brush, 1973; UN,
2017; Hossain et al., 2020). Coastal biotopes such as salt marshes, shellfish reefs, coral reefs,
seagrass beds, tidal freshwater and mangrove wetlands are notable characteristics of temperate
and tropical coastlines (Waltham et al., 2020). Highly productive coastal ecosystems provide a
major benefit to human populations; which results in per capita income being higher in coastal

countries when compared to landlocked countries (Gallup et al., 1999; He et al., 2014).

Coastal areas provide essential services to human population and support livelihoods,
particularly in terms of supplying protein to billions of impoverished people across the globe.
Coasts serve as fish nurseries, offer protection of coastal watersheds, facilitate carbon storage,
and are habitat to a wide range of marine animals and plants (Kullenberg, 2010; De Battisti,
2021). They also support vital socio-economic activities such as fisheries, tourism, and
agriculture (Flo et al., 2011). Over the years, these systems have been recognized for their
provision of cultural services including aesthetic services, whereby people can enjoy and
appreciate the natural environment for tourism and recreation purposes (Bowler et al., 2010).
About 60 — 68% of global services provided by coastal and marine ecosystems were valued at

$141 trillion per year (Costanza et al., 2014).

Currently though, global change is of concern given the negative consequences expected,
particularly for coastal resilience through rise in sea level and increasing strength and frequency
of storms (Jevrejeva et al., 2012; Levermann et al., 2013; Woodruff et al., 2013; IPCC, 2019;

De Battisti, 2021). With high precision, the IPCC (2019) confirmed that a 0.32m increase in



sea levels between 1970 and 2015 within coastal regions was strongly attributed to
anthropogenic global change, which was associated with an increase in sea thermal expansion
and loss of glacier mass. In addition, increasing human population and activities along coastal
areas, (Neumann et al., 2015), subsequently exacerbate global change stressors acting upon
coastal systems. Stressors from both climate change and human pressure pose a significant
threat to the integrity and resilience of coastal ecosystems, impinging on their ability to deliver
their ecosystem services (Hanley et al., 2020). Important services provided include protection
of coastal shoreline from storm damage or erosion, as well as transformation of organic waste

and carbon sequestration (Gaylard et al., 2020).

Coastal ecosystems are known to be vulnerable and sensitive to environmental change due to
ocean and land interaction (frequent exchange of energy and materials) as well as densely
population of human along these areas (Lu et al., 2018). Hence, land-based human activities
and climate change poses a significant threat to the coastal ecosystems. These challenges or
threats include coastal eutrophication, heavy metal pollution, coral reef degradation, coastal
exploitation and hypoxia (Halpern et al., 2008; Doney, 2010; Hoegh-Guldberg and Bruno,
2010; Jennerjahn, 2012; Statham, 2012; Halpern et al., 2015). Eutrophication refers to the
excessive loading of nutrients such as nitrogen (N), phosphorus (P), and carbon (C) into coastal
water bodies (Waycott et al., 2009; Romero et al., 2006; Short and Wyllie-Echeverria, 1996).
The processing/breakdown of these nutrients involves different inorganic and organic
compounds both in the granulated and dissolved form (Jarvie, 2012), and their interaction with
biological (e.g benthic fauna), physical (mixing, tidal flushing, stratification, Robins et al.,
2014), and chemical (e.g pH) constituents of the coastal ecosystem. However, excessive
nutrient loading is a leading global environmental threat to the ecology of coastal water bodies

(Lietal., 2019).



Between 2008 and 2011, 22.6% and 36.8% of rivers and lakes were grouped as eutrophic (20
— 30 pg.I"* chlorophyll-a concentration) or hypertrophic (>30 pg.I*) (European Commission
(EC), 2018). Similarly, in South Africa, between the years 2002 and 2012, a higher percentage
(78%) of the largest coastal water bodies were recorded and grouped as eutrophic (Matthews
and Bernard 2015). Over the last decades, the escalation of eutrophication in coastal areas has
been reported to be primarily driven by growing human populations or activities along its
margins, including agriculture, urbanization, fishing, and fertilizer run-off (Ferdie and
Fourqurean 2004; Lee et al., 2007 in Mvungi and Pillay, 2019). Agricultural run-off is
considered to be the major source of nutrient (nitrogen) pollution into several coastal
environments (Duce et al., 2008; Howarth, 2008; Hale et al., 2015). This activity has resulted
in critical consequences for ecological integrity and biodiversity in coastal ecosystems (Cloern
et al., 2016), mainly the stimulation of phytoplankton production, coastal acidification and
hypoxia, which in turn increase microbial respiration (Cai et al., 2011; Gobler and Baumann,
2016). The benthic community consequently deteriorates and decomposes, resulting to the
microorganismal growth, which in return depletes oxygen, resulting in anoxic or hypoxic
condition (UNEP, 2001; Van Ginkel, 2011). Also, excessive nutrients load into coastal
ecosystems alters the supply of energy to upper trophic levels within food webs and the

composition of algal species that form the base of food webs (Cloern, 2001).

Global warming is another prominent stressor in coastal systems and is basically driven by an
increase in atmospheric greenhouse gas levels (Harley et al., 2006; Orth et al., 2006; IPCC,
2007; Waycaott et al., 2009). The heating rate of the planet is alarming, with a prediction of
global temperature to increase by 2 - 4°C at the year 2100 (IPCC, 2007; Doney et al., 2012;
Mvungi and Pillay, 2019). Changes such as increasing freshwater input, rising sea level,
decreased sea-ice extent and altered ocean circulation are linked to elevated temperature in

coastal ecosystems (Doney et al., 2012). In addition, changes to ocean circulation with



increased temperature can reduce the concentration of the sea surface oxygen (Keeling et al.,
2010). Currently, continual occurrences of these events have been recorded and eventually may
exceed the tolerance of organisms to adapt if immediate climatic mitigation promulgations are
not enacted. Simultaneously, physiochemical changes in the coastal ecosystem will increase

over the next decades (National Research Council, 2011).

All aspects of organismal performance are virtually influenced by temperature (Seidel et al.,
2023). According to Doney et al. (2012), changes in coastal ecosystem temperature may
modify several aspects of organism ecology/biology including demographic traits (e.g
productivity), physiological functioning and behaviours, leading to changes in population
sizes, size structure, and spatial range. Shifts or changes in coastal microbial community
structure in response to climate change (e.g. warming) have can have a significant effect on
ecosystems functioning and marine geochemistry (Seidel et al., 2023). However, structural
changes to microbial communities remains unclear in response to climate change (Seidel et al.,
2023). Microbial communities within coastal regions are central to nutrient cycles and marine
energetics and may act as primary trophic resources and degraders of coastal organic matter.
Microbes play a key role in regulating fluxes and production of greenhouse gases such as
nitrous oxide, methane, and dimethyl sulfide (Poth and Focht, 1985; Cavicchioli, 2019; Xiao
et al., 2017; Zhang et al., 2019). Also, global warming is expected to favour microplanktonic
organisms when compared to the macro sizes as thereby alter biogeochemical fluxes such as
exportation of particles (Moran et al., 2010). Increased ocean warming and acidification are
predicted to increase the extracellular dissolved organic matter released by phytoplankton,
which could lead to changes in the microbial loop, possibly causing an increase in the
production of microorganisms to the detriment of higher trophic levels (Thornton, 2014).
Additionally, warming can weaken iron limitation that nitrogen-fixing cyanobacteria face. This

could have a significant effect on the supply of new nitrogen to ocean food webs (Jiang et al.,



2018). However, environmental microbial compositional changes must be carefully interpreted
and quantified in response to global change and environmental stressors (\Webster et al., 2018;

Cavicchioli, 2019).

Whether eutrophication or global warming act independently or interactively, they pose a
serious threat to coastal ecology and biodiversity, including structurally complex coastal
sedimentary ecosystems (Waycott et al., 2009; Harley et al., 2006; Wyda et al., 2002;
Borowitzka et al., 2006; Mvungi and Pillay, 2019). These systems are typically dominated by
habitat-forming or bioturbating species, which may also be keystone ecosystem engineers.

(Pillay et al., 2010; Hughes et al., 2009; Jones et al., 1994).

Ecosystem engineers play a significant role in the structure and functioning of coastal
sedimentary systems as they can physically modify biotic and abiotic matter and thereby alter
the availability of resources for other sympatric organisms (Reise, 2002; Bouma et al., 2009;
Pillay and Branch, 2011; Pillay et al., 2012; Pillay, 2019). Endobenthic bioturbating
crustaceans are arguably the most dominant engineers globally, and locally in South African
coastal sedimentary systems (Siebert and Branch 2005a&b; Qwabe, 2019; Holthuis, 1980;
Moyo, 2014; Venter, 2019). South African sandprawns (Kraussillichirus kraussi) are highly
influential ecosystem engineers due to features such as (1) burrows extending up to 1m depth
that is unique relative to other ecosystems engineers (2) occurring at a density of about 150 —
200 individuals.m? in coastal ecosystems and (3) having some of the highest known per capita
sediment reworking rates (Cadee, 2001; Berkenbusch and Rowden, 2003; Pillay and Branch,
2011; Pillay, 2019). These features of sandprawn engineering result in noticeable and complex

modifications to coastal benthic systems (Pillay et al., 2012).

Bioturbation activities by sandprawns and other endobenthic crustaceans significantly affect

benthic fauna and flora, including macrofauna, meiofauna (Branch and Pringle, 1987),



seagrasses, and bacteria (Townsend and Fonseca, 1998). The alteration of the sedimentary
ecosystem through the movement of particles and solute by burrowing sandprawn forms one
of the major ways driving the development of several microclimates within the ecosystem
(Pillay and Branch, 2011). This modification creates diverse habitats for microorganisms
including sulfate-reducing groups, anaerobic and aerobic nitrifying species (Bird et al., 2000;
Kinoshita et al., 2003). Additionally, the specific retention of organically, fine rich sediments
by these ecosystem engineers or the burrow walls stabilization through plant material or
mucopolysaccharides, could enhance microbial activities (Aller and Aller, 1986; Aller, 1988,

Reichardt, 1988; Steward et al., 1996).

Studies have revealed a significant increase in bacterial numbers with depth of burrow linings
when compared to the surface sediments inhabited by the sandprawn K. kraussi (Branch and
Pringle, 1987). Sediment rapid turnover from burrows to the surface likely limits bacterial
colonization on the sediment surface (Pillay and Branch, 2011). Sediments with
underdeveloped biofilms are however more susceptible to erosion and prone to resuspension,
leading to increased bacterial transport to the overlying water and further diminishing bacterial
colonization of sediment (Pillay et al., 2007c). Griffiths et al. (2017) describe or consider this
process to be a mechanism that influences benthic-pelagic coupling. Specifically, it describes
processes that link the pelagic and benthic components of coastal ecosystems via the movement
of nutrients and energy, including suspension feeding and settling of organic matter on the
sediment surface. Coastal and estuarine habitats are hotspots for such dynamic interactions
where benthic infauna is a vital link connecting the overlying water and benthic systems

(Griffiths et al., 2017).

Likewise, environmental temperature plays a key role both in the physiological behaviour and
performance of ecosystem engineers, including endobenthic crustaceans (Withers, 1992;
Pillay, 2019). Changes in environmental temperature may result in both negative and positive

6



effects on ecosystem processes (Withers, 1992; Mvungi and Pillay, 2019). This is because
endobenthic engineers are predominantly invertebrates that cannot control their body
temperature (Withers, 1992). Environmental temperature therefore can significantly influence
the bioturbation rate of endobenthic engineers in soft-bottom ecosystems (Pillay, 2019). Maire
et al. (2007) reported that elevated temperature increases bioturbation rate of deposit-feeding
bivalves’ rate. Similarly, bioturbation activity of heart urchins was reported to increase as a
result of elevated temperature levels (Hollertz and Duchene, 2001). Activities such as
bioturbation, and associated effects of contextual variables such as temperature, will therefore
have a consequence for community structure and ecosystem processes, however, little is
understood about responses of pelagic systems. In the context of Southern African sandprawns,
Venter et al. (2020) showed that sandprawns presence significantly reduce phytoplankton
biomass by up to 50% in an urban coastal (estuarine) system. However, little is understood
about the bioturbation influence of sandprawns or other endobenthic crustaceans on pelagic

microbial community structure in coastal ecosystems.

Estuaries are dynamic environment where the ocean mixes with freshwater; this ecotonal
variation contributes significantly to the global marine carbon cycle (Chen et al., 2021; Bauer
and Bianchi, 2011). Due to the influx of rich organic matter and inorganic nutrients from rivers,
microorganisms in estuaries are more diverse and abundant when compared to the open ocean
or freshwater (Hewson and Fuhrman, 2004, Traving et al., 2017). Microbial communities are
not only involved in primary production and nitrogen fixation but also primary players in the
mineralization and recycling of organic matter (del Giorgio and Cole, 1998). An in-depth
understanding of their distribution in estuaries therefore provides insight on their dynamics,
processes they mediate (Arrigo, 2005). Also, diverse phylogenetically distinct groups that vary
in abundance and distribution are found within complex microbial communities in estuaries

(Lisa, 2015). According to Selje and Simon (2003), microbial communities estuaries are well-



studied in the Northern Hemisphere, where typical heterotrophic taxa are found. The
dominating phyla includes Proteobacteria and Bacteroidetes, with high occurrences of
Alphaproteobacteria at hypersaline condition, and Betaproteobacteria dominating at low

salinity (Bouvier and del Giorgio, 2002; Wu et al., 2006; Campbell and Kirchmann, 2013).

Since estuaries are convergences of both freshwater and marine ecosystems, bacteria found in
these estuaries are both from the seas and riverine run-off (Matcher et al., 2015). Estuarine
bacterial communities are mostly marine species, especially at high tide while at low tide, fresh
water taxa from rivers may dominate (Fortunato et al., 2012). Changes in physiochemical
parameters often lead to shifts in microbial community structure and microbially-mediated
biogeochemical processes within the column of estuarine water and sediment habitats. In
addition, sediment microbial community composition is thought to be more complex than the
water column but nevertheless significantly influences both the water column and sediment
biogeochemical cycles (Huang et al., 2021). It is reported that coastal sediments in urbanized
regions have a higher population density of sewage and faecal microbial indicators (Lu and Lu,
2014; Luna et al., 2016) including the presence of antibiotic resistant genes, human pathogens
(Liang et al., 2020; Su et al., 2020; Ahmed et al., 2021) and groups associated with particular
metabolic processes (Chen et al., 2019). However, in semi-closed coastal ecosystems such as
estuaries, (Wang et al., 2007) sediment resuspension may contribute significantly to the
variability of microbes and nutrients in the water column (Giani et al., 2001; Pusceddu et al.,
2005; Perkins et al., 2014). Besides this, released wastewater is another potential source that

supports proliferation of microbes in overlying (pelagic) water (Hylland and Vethaak, 2011).

Coastal areas, including estuaries, support bacterial populations that are larger than in other
areas (Pomeroy et al. 1984; Azam and Cho, 1987) due to increased mineral and nutrient inputs
such as phosphorus, silicon, and nitrogen from industrial and domestic waste (Nixon 1995;
Richardson and Jorgensen, 1996; Mateo-Sagasta et al., 2017). These global human-induced

8



activities similarly occur in the focal study site of my research — Zandvlei Estuary (Lemley et
al.,, 2019; Venter et al.,, 2020). Multiple nutrient inputs contribute a mixture of
organic/inorganic chemical compounds (Imai et al., 2002; Kontas et al., 2004; Raymond and
Spencer, 2015; Wang and Chen, 2018; Malone et al., 2021) and microorganisms, including
pathogens (Naidoo and Olaniran, 2014; Buccheri et al., 2019; Numberger et al., 2019), in
coastal ecosystems. These inputs have been demonstrated to be pivotal in reducing ecosystems
resilience, coastal water quality (Boesch et al., 2001), dissolved oxygen levels (Breitburg et al.,
2018), and altering bacterioplankton community structure (Caron et al., 2017; Andersson et al.,
2018; Rodriguez et al., 2018; Lenborg et al., 2019). Additionally, the mass mortality and
infections of various economically and ecologically important marine species are linked to
water-borne pathogenic/disease species of microbes (Sutherland et al., 2010; Ziegler et al.,

2016).

The urbanisation and openness of coastal ecosystems facilitates spread of waterborne
pathogenic microbes rapidly spread while increases in pollution is ongoing due to insufficient
discharge monitoring measures and wastewater treatment (Kalkan and Altug, 2020).
Particularly, wastewater treatment system inadequacy and poor sanitation play an essential role
in pollution and microbial proliferation (Cabelli, 1983; Dufour, 1984; Danulat et al., 2002;
WHO, 2003; EPA, 2012). Epidemic diseases emanating from coastal areas could pose a
significant threat to human health. A spectrum of illnesses, including skin lesions, acute
infections, diarrhoea, and stomach and eye problems induced by pathogenic microorganisms
breeding in coastal environments threatens both public health and ecosystems (WHO, 1998;
Shuval, 2003; Santoro and Boehm, 2007; Wu et al., 2016). According to WHO (2018) in
Kalkan and Altug (2020), about 2 million individuals die annually from water-transmitted
diseases, with a significant proportion being children under the age of 5 years. Hence, it is vital

to routinely monitor coastal water quality from a microbiological perspective to ensure



maintenance of appropriate levels of indicator species and identify conditions that pose a threat
to both ecosystem resilience and public health (Kalkan and Altug, 2020). Alternatively, nature-
based solutions (NBS) have also proven overtime to promote the rehabilitation and
conservation of natural or coastal ecosystems. It involves the utilisation of natural processes in
artificial, modified, or pristine ecosystems to mimic natural processes that improve water
quality. In particular for non-point source (NPS) pollution from agricultural land uses,
rehabilitation of ecosystem services can be ensured by adopting NBS to enhance nutrient
management and decrease nutrient runoff (Water-UN, 2018, Geronimo et al., 2022). This was
evidence in the study of Venter et al. (2020) where endobenthic sandprawns was regarded as a
NBS by its effect in reducing phytoplankton biomass by roughly 50% in a eutrophic estuarine
system. However, there has been little or no studies of the potential of this specie to be used as
NBS to control proliferation of pelagic bacteria. By improving our conception of how
endobenthic engineers such as K. kraussi influence their ecosystems, a path is facilitated to
harness the ecological services and functions they contribute in ways that could assist in

reducing further ecosystem degradation and increase ecosystem resilience.

To identify sources of contamination in coastal ecosystems, bacterial indicators are frequently
and widely used in ecosystems monitoring (Orel et al., 2022). For example, the abundance and
presence of faecal bacteria (e.g enterococci, Escherichia coli) are usually detected with a
culture-based approach (e.g., Directive, 2006/7/EC) and used to identifying associated health
hazards and faecal contamination (Scott et al., 2002). However, this approach is limited in the
detection of culturable bacteria that encompass only a small portion of total indigenous bacteria
and allochthonous materials (Stewart et al., 2008; Converse et al., 2011). The development of
high-throughput sequencing technologies has increased the taxonomic resolution capability in
terms of identifying more suitable taxa as indicators of pollution and health risks (reviewed in

McLellan and Eren, 2014; Caruso et al., 2016; Cordier et al., 2021).
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Objectives of the study

This research aimed to test the relative impact of ecosystem engineering by sandprawn (K.
kraussi) density, temperature, and eutrophication levels on the pelagic microbial community
structure in an estuarine ecosystem. To achieve this goal, metagenomic analysis was used to
assess the functional gene composition of pelagic microbial communities experimentally. This
approach will provide a broader quantification of the diversity of genes present in estuarine
water samples and will further contribute to the growing of knowledge microbial community

structure responses to global change stressors.

Specific Objectives

1. To characterize pelagic microbial community structure from estuarine water samples.

2. To determine the main and interactive effects of temperature, eutrophication and
sandprawn (K. kraussi) density on pelagic microbial assemblages.

3. Toinvestigate the impact of varying temperature, eutrophication, and K. kraussi density
levels on the pelagic microbial diversity measures.

4. To determine the bacterial taxa that most contribute to variances in pelagic microbial

community structure in response to predictors manipulated.

Hypotheses

It is hypothesized that changes in sandprawn density, temperature and trophic state would
shape microbial community structure in respect to species abundance, richness, and diversity.
This was based on the expectation that each predictor would positively or negatively affect
certain microbial taxa depending on their biological traits (e.g., morphology, physiology,

nutrition, genetic properties, metabolism, growth, and pathogenesis).
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2. MATERIALS AND METHODS
2.1 Ethical clearance

Ethics approval (2019/D1/DP) for the experimental design/methodology was submitted to and
approved by the University of Cape Town’s Science Faculty Animal Ethics Committee.
Permission was obtained from the landowners of Zandvlei Estuary Nature Reserve to collect
sediment and sandprawns, Kraussillichirus kraussi. A sampling permit was approved from the
Department of Environmental Affairs and the Department of Agriculture, Forestry and
Fisheries for the collection, transportation, and housing of the sandprawns from the Zandvlei

Estuary Nature Reserve for this study.
2.2 Sample collection area

Water, sediment, and sandprawns were collected from the Zandvlei Estuary located near
Muizenberg, Cape Town, South Africa (Figure 1). The mean depth of the estuary is 1.4m and
is a classified as a seasonal open/closed estuary (Harding, 1994; Venter et al., 2020).
Historically, this system has undergone a wide range of anthropogenic modification including
construction of a marina in the east, artificial mouth manipulation to control and manage water
levels and seasonal dredging of the main channel in the lower reaches (Lemley et al., 2019).
The northern part of the estuary is highly eutrophic due to riverine inputs from the surrounding
industrial and urban areas, including informal settlements with poor sanitation. This system is
kept open mechanically during the high rainfall months (winter season) and opened to the
Atlantic Ocean once in a month for about a week during the summer season (Lemley et al.,
2019; Venter et al., 2020). The lower reaches are densely populated by sandprawns (density:
176/m? — 240/m?), with the sandprawn habitat accounting for about 4.9% of the total area of

this system (Venter et al., 2020).

2.3 Sample collection

12



The sediment, mesotrophic water and sandprawns (n= ~335), needed for this study were
collected from the lower reaches of the Zandvlei Estuary Nature Reserve, while eutrophic

water was collected from the upper reaches (Figure 1).
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Figure 1: Location of the Zandvlei Estuary within Cape Town, South Africa (inset) showing
the positions where samples for the experiment were collected: Site 1 — mesotrophic water,

sediment, sandprawns; Site 2 — eutrophic water.

Sediment (primary substrate for the experiment) was collected using a shovel to collect the
upper layer (£20cm) and sieved through a 2mm mesh into a bucket. Thereafter, buckets were
used to collect water from the estuary for the experiment (mesotrophic water from Site 1;
eutrophic water from Site 2; Figure 1). Sandprawns were collected using standard stainless
prawn pumps (length = 90cm, diameter = 5¢cm; Site 1). Egg-carrying females was avoided and
only K. kraussi between 5mm to 8mm (carapace length) were selected to standardise length.
Sandprawns were placed in a moistened layers of newspaper and transported to the aquarium
facility in the Department of Biological Sciences, John Day building, at the University of Cape

Town (UCT), where the mesocosm experiment was carried out.
2.4 Mesocosm experimental design

A six-week indoor mesocosm experiment was carried out to test the effects of temperature,
eutrophication, and varying densities of K. kraussi on bacterial assemblages. This aspect was
the focus of my MSc dissertation and formed part of a larger project aimed at understanding
community-level responses (meiofauna, microphytobenthos, phytoplankton) and ecosystem

function (bioturbation, organic matter degradation) to the aforementioned predictor variables.

Three density treatments of K. kraussi were used during this experiment: a control with zero
(0%) individuals, an intermediate density (50%: 9 individuals per mesocosm), and maximum
density (100%: 18 individuals per mesocosm). The maximum density of K. kraussi used in the
experiment was based on a value of ~200 individuals m that can be achieved in South African
estuaries and lagoons (Branch and Pringle, 1987). Mesocosms were constructed from glass (8

mm thick) and were 600 mm high, 300 mm long and 300 mm wide).
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Naturally eutrophic and mesotrophic water from the Zandvlei Estuary was used in the
experiment. This allowed for potential effects of environmental pathogens, especially under
eutrophic conditions, to be quantified with respect to sandprawn effects on bacteria. Eutrophic
water (chl-a content of >15 pg/l; Harding, 1995; Thornton et al., 1989; salinity = 10ppt;
temperature = 19°C) and mesotrophic water (chl-a content of <15ug/l, salinity = 29ppt;
temperature = 18 °C) were separately filtered (200um mesh) into 100L vats and homogenized.
Marine salt (Aquamedic) was used to standardize the salinity level of eutrophic water to that
of mesotrophic (29ppt). The sieved sediment was added to a depth of 25cm to each mesocosm,
followed by the addition of either mesotrophic or eutrophic water (depth = 25cm). The water
within each mesocosm was aerated and left for 24hours to settle before taking the initial water
quality parameter readings. Sandprawns were introduced into the mesocosms according to their
density designations. Each treatment was replicated three times resulting in a total of 36

mesocosms being used in the experiment (Figure 2).

a) 50% density 100% density
0% density (9 sandprawns) (18 sandprawns)
LN
b)
LN
15




Figure 2: The layout of the mesocosm experiment testing the effect of sandprawn density, low
(a) and high (b) temperature, and mesotrophic (LN) and eutrophic (HN) conditions on pelagic
bacterial assemblage (note: mesocosm were randomly interspersed to avoid spatial bias and

were not clustered by treatment as illustrated).

The maximum temperature (HT) level used in this experiment was based on the mean summer
temperature (25.4°C) close to the sandprawn biotope in the lower reaches of the Zandvlei
Estuary plus a predicted 4°C rise in global temperature by 2100 (Harding, 1994; IPCC 2007;
2019). Water and air temperature was set to ~14.5°C; this was the temperature of low
temperature (LT) mesocosms in the experiment. High temperature mesocosms (HT — water
temperature ~30°C) was achieved by using aquarium heaters (150W — 300W, Eheim Jager and

ViaAqua). Water temperature per mesocosm was monitored daily using a digital thermometer.

During the experiment, sandprawn burrow openings were counted on the sediment surface;
sandprawns were added to mesocosms in cases where number of burrow openings declined to

maintain desired sandprawn levels (Dumbauld et al., 1996).

2.5 Data collection

Water physio-chemical parameters

Water quality parameters such as salinity, pH, temperature, dissolved oxygen (saturation), and
electrical conductivity were measured using the YSI 650 Multiparameter Display System. This
was carried out on Day 0 (before sandprawn addition) and every 3 days until the termination

of the experiment on Day 15.

Nutrients

40ml of surface water was collected from each mesocosm on Day 0 and then every week after

that with the aid of a flexible tube fitted onto a syringe to measure concentrations of ammonium
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(NH4"), nitrate (NO3), nitrite (NO2"), and phosphate (PO4+%). Water samples were kept at -20°C
until they were analysed using the Hanna Instruments HI 83203 Multiparameter Bench

Photometer and reagents as shown in Tablel.

Table 1: Reagents and methods used to measure nutrients concentrations.

Response Variable  Reagent code Range Method
Phosphate (PO3") HI1 93715-01 0.00 0.00-10.00 Nessler
Nitrite (NO2) HI 93707-01 0.00-1.15 Diazotization
Ammonia (NH3) HI193713-01 0.00 0.00-2.50 Ascorbic Acid

Phytoplankton biomass and size

Phytoplankton biomass and size data were obtained as part of the PhD project of Cheryl
Thomas (2021). These data were used only to understand the role of phytoplankton changes in
influencing bacterial assemblages in relation to predictor variables. Phytoplankton biomass
was determined per mesocosm (every 3 days) by quantifying chl-a concentration
fluorometrically (Turner Designs Trilogy fluorometer) from surface (5 to 10 cm from surface)
water samples. Phytoplankton size (picoplankton and nanoplankton) and abundance were
determined using flow cytometry (Faculty of Health Science, University of Cape Town) using

the same sampling design as indicated for phytoplankton biomass determination.

Sample collection for metabarcoding analysis

After the end of the experiment, a size-fractionated filtration process was used to collect DNA

biomass for library sequencing. A 1L water sample from each of the 36 mesocosms was pre-
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filtered through a 200um mesh. Thereafter, each sample was filtered through a 2um mesh
immediately followed by a polycarbonate (PCTE) membrane filter with a 0.2um mesh size.
Then, each filter was snap frozen in liquid nitrogen and stored at a temperature of -80°C until

further processing (Rocke et al., 2020).

DNA Extraction

A Quick-DNA HMW MagBead kit (Zymo Research) was used to extract DNA samples from
the snap frozen membrane filter. The protocol was followed according to manufacturer
instructions but was modified from step 1 to 9 to maximise quality and quantity of DNA
extracted. The filters were cut into a tube containing beads tube and cetyltrimethyl ammonium
bromide (CTAB) was added instead of the recommended phosphate buffered saline (PBS).
These tubes were beaten in grinding mill three times at 30 Hz for 1.25 minutes. There after the
samples were placed on ice for 30 seconds and centrifuged for 10 minutes in 30 pl of lysozyme.
After a 2 hours incubation, 20 pl 10% SDS and 10 pl proteinase K was added which was
incubated at 55°C for 1 hour. During the DNA purification process, 800 pul of Quick-DNA
MagBinding Buffer was used instead of 500 pl and the DNA was eluted using 10 pl DNA
elution buffer for each sample. The extracted DNA were cleaned up using RNA Clean &
Concentrator MagBead (Zymo research) according to a modified protocol as follows: 30 ul of
RNA MagBinding buffer was added to the eluted DNA and 200 pl freshly made 70% ethanol
(EtOH + Nuclease free water) was used. 12 pl of 10mM Tris-HCI pH8 with 50 mM NaCl was
added for the elution of the cleaned DNA samples having a total of 12 pl DNA for each 36
mesocosms. A 199 pl working qubit solution plus 1 pl of each eluted DNA were quantified
using a Qubit™ 4 benchtop fluorometer according to their instructions

(www.thermofisher.com/qubit).
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16S gene region amplification

Amplification of the extracted DNA was done using the 16S Barcoding Kit (SQK-RAB204;

Oxford Nanopore Technologies, Oxford, UK) containing the 27F/1492R primer set and Master

Mix Q5 Tag.
Primer Sequence Tm (°C) Reference Target
27F 5'-AGAGTTTGATCMTGGCTCAG  50-52 Lane, 1991 Bacteria
1492R  5'-GGTTACCTTGTTACGACTT 47 Stackebrandt &  Universal
3'-AAGTCGTAACAAGGTAACC Liesack, 1993

F = forward, R = reverse
Tm=64.9°C + 41 °C x [(number of C’s — 16.4)/N], where N is the length of the primer.
(Galkiewicz & Kellogg, 2008)

For samples with low quantities of DNA (0 — 4.48 ng/ul), 10 ul input DNA was added with
12.5 pl Master Mix Q5 Tag, 2.5 pl 16S barcode/primer, providing a total volume of 25 ul. For
the samples with higher quantities of DNA (5 — 9.42 ng/ul), 2 ul input DNA was mixed with
8 Ml nuclease free water, 12.5 pl Master Mix Q5 Taqg and 2.5 ul 16S barcode/primer (total
volume of 25 ul). Samples were amplified with an initial incubation step at 95°C for 1 min,
followed by 37 cycles with a denaturation step at 95°C for 20 s, an annealing step at 55°C for
30 seconds, an extension step at 72°C for 2 minutes and a final extension step at 72°C for 5

min. Amplification was verified using a 1% agarose gel.

Flow cell preparation and Library sequencing

The sequencing of the 16S genes of the samples was done using the Oxford Nanopore
Technology Minion Mk1C device and a platform quality check of the flow cell (R9.4.1, FLO-
MIN106D) was carried out prior to flow cell priming. For the first run, 8.14 ul containing
genetical materials (DNA), sequencing buffer and library loading beads plus 1.86 pl nuclease

free water making a final library of 10 ul, while for the second run 9.87 pl of pooled DNA plus
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0.13 pl nuclease free water making a total of 10 pl was prepared according to the
manufacturer’s recommendation and this sequencing mix was introduced in a gentle drop-wise
manner via the SpotOn sample port (Mann, et al., 2021). Flow cell (R9.4.1, FLO-MIN106D)
was placed into the MinlON for the sequencing and controlled using ONT’s MinKNOW
software. After the first run, which took 10 hours (18 samples), the flow wash kit (EXP-
WSHOO4 from Oxford Nanopore Technologies (ONT), Oxford, UK) was used to wash the

flow cells and then reused for the remaining samples (19 — 36) for another 10 hours run.

Processing of Sequenced Data

The genetical raw reads (i.e. HDF5 raw signals) were base-called and de-multiplexed before
adapter and primer sequence removal with GUPPY (Version; v2.3.5) software
(https://community.nanoporetech.com (ONT, Oxford, UK)) producing fastq files.
Bioinformatic analysis of the fastq files was done on the University of Cape Town’s ICTS High

Performance Computer (hpc.uct.ac.za). Firstly, Nanofilt was used to filter and remove long

16S reads length with a quality score of <9 (https://github.com/wdecoster/nanofilt; Kai, et al.,
2019). Then the filtered fastq files were matched with the SILVA v138.1 reference databases
(Quast et al., 2013) and analysed with respect to relative abundance, taxa clustering and
taxonomic annotation data with EMU (Curry, et al., 2022) software. This generated a relative
abundance operational taxonomic units (OUT) table at the genera level. However, some
taxonomic hierarchies of the total bacterial assemblages were unidentified. The unidentified
taxa were curated, denoted (X) and filled in manually for statistical analysis purpose. The
relative abundances and taxonomic annotations were first imported into an excel spreadsheet
and converted into a Comma Delimited file (CSV). Thereafter, these files were imported into
Rstudio and converted into a phyloseq object. Species with mean relative abundances below
1% were removed from the dataset. The packages phyloseq (McMurdie and Holmes, 2013),
dplyr  (https://dplyr.tidyverse.org), tidyr  (https://tidyr.tidyverse.org), = microbiome
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(http://microbiome.github.com/microbiome), gglopt2 (Wickham, et al., 2016), vegan

(Oksanen, et al., 2022), reshape2 (Wickham, 2007), psych (https://CRAN.R-
project.org/package=psych), DESSeq2 (Love, et al., 2014) were used for data handling

(Rosenqvist, et al., 2023).

2.6 Statistical Analysis

The effect of sandprawn densities, trophic state (nutrient) and temperature levels on abiotic
(inorganic nutrients data and physio-chemical parameters) response variables were determined
using the linear mixed-effects models (LMEMSs). The ‘Ime4’ package (Bates et al., 2015) was
employed and fitted by a restricted maximum likelihood (REML) estimation. Since these
abiotic data were not strictly temporally independent (Venter et al, 2020), time was used a
random factor for these linear mixed-effects models. Graphical presentations including
histograms, quantile-quantile (Q-Q) plots and plots of residuals against predicted values were
used to check for data normality and homogeneity (Zuur et al., 2009) for model fits evaluation.
Sample data that violated model fits were re-fitted using the transformed (log x + 1) data. The
significance of main and interactive predictor effects was determined using the “car” package
(Fox and Weisenberg, 2011), with Type 1l Wald Chi-Square tests used to generate p values
(Mangiafico, 2016) since these were not provided by model outputs. These were carried out

using the RStudio (version 2023.03.0: R version 4.1.2, 2021).

Permutational Multivariate Analysis of Variance (PERMANOVA+; Anderson, 2001), an add-
on package for the multivariate analysis platform PRIMER (v7; Plymouth Routines in
Multivariate Ecological Research) was used to quantify the main and interactive effects of
predictors (sandprawn density, temperature & nutrient level) on the bacterial assemblage from
the experiment. The DIVERSE function in PRIMER was used to calculate the total bacterial

species richness (S; number of OTUs), total number of individuals (N) and the Shannon-Wiener
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diversity index (H’ = -2 Pi log [Pi]; where the logs are to the base e; Spellerberg and Fedor,
2003). Treatment-related trends in these indices were visualised using the bar graph of mean
values * standard error. Distance based linear modelling (DISTLM; Legendre and Anderson,
1999; McArdle and Anderson, 2001) was used quantify the influence of environmental
variables (water column abiotic and nutrient parameters) in explaining multivariate variability
in the bacterial assemblage. However, strong correlated variables such a salinity, pH, and nitrite
from the resemblance metrices were removed. One-way Similarity Percentage Analysis
(SIMPER) was conducted on the total bacteria assemblage with a 50% cut off contribution to
identify which specific group of taxa contributed most to assemblage variation among
treatments. A 50% cut-off limit was used since this led to the elimination of taxa that
contributed less than 1% to assemblage variability. PERMANOVA was carried out on the order

level to determine the significance of main and interactive treatment effects.

A linear model “Im” (Chambers, J. M. 1992) was used to determine the effects of sandprawn
density, temperature, and nutrient level on the bacterial diversity measures (H’, S, N). The
“anova” function was applied to the model to obtain significance levels of main and interactive
predictor effects. Graphical evaluation of model fits was carried out as indicated for the
LMEMs (Zuur et al., 2009). These were carried out using the RStudio (version 2023.03.0: R

version 4.1.2, 2021).
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3. RESULTS

3.1 Abiotic Variables

Temperature significantly influenced conductivity, dissolved oxygen (DO), pH, salinity,
temperature (p < 0.0001) and turbidity (p = 0.006; Table 3). The interaction between
temperature with trophic condition influenced conductivity (p = 0.05). Sandprawn density
effects on conductivity (p = 0.002) and salinity (p < 0.0001) were also significant. Trophic
condition influenced conductivity (p < 0.0001) and salinity (p < 0.0001), which was also
affected by the interaction between sandprawn density and trophic condition (p = 0.001) and p
= 00.017 respectively). Water temperature for low temperature mesocosms varied between 14
and 15°C and between 28 and 29.7°C in high temperature mesocosms. Apart from this, abiotic
variable levels were reasonably uniform across the experiment. Conductivity ranged between
44.2+0.2 and 55.4+1.5mS/cm while salinity varied between 28.3+0.3 and 33.6+1.6ppt.. A
slight reduction in conductivity and salinity levels were recorded in the presence of sandprawns
in the mesotrophic treatment and this occurred mainly towards the end of the experiment. There
was an increase in the salinity in high temperature treatments by roughly 5 to 6 ppt during the
experiment. pH increased in high temperature treatments by 0.3 to 0.4 units. However, this
trend was not evident at low temperature. In the low temperature treatment, a slight variation
in oxygen level was recorded but no more than 2% (Table 2; detailed results of abiotic

variability are shown in Appendix A).
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Table 2: Spatial and temporal variability in environmental variables (means + SE) at different sandprawn densities (0% = control; 50% =
9 sandprawns per mesocosm; 100% = 18 sandprawns per mesocosm), temperature (low versus high) and eutrophication (mesotrophic
versus eutrophic) over the duration of the experiment

Treatment Day 222;1igtj;awn ;I;ecr;] perature gr(])g/c(i:trﬁ;civity (S;[I)itr)]ity ;F’\:J:LJJI )dlty é}:;g:e\:]ed
Low tempe_ratu re, 0
mesotrophic 0 13.740.1 46.3:03 301202  8#0.1 9+2.9 93.4+1.3
50 13.620.0 45.7£0.2 20602 8100 87421 94.9:0.1
100 13.740.1 45.70.1 20601  7.940 8715 94.6+0.0
9 0 15.30.4 457+06  297:04 810  7.1409 93.8+1.2
50 14.7+0.1 44.7+0 289:0  81:0  6.1%05 94.3+0.6
100 15.30.4 44.5:0.1 285:0.4 8110  6.7+0.9 94£0.7.0
15 0 15.120.3 465:03  302:02 81:00  6.0£03 94.50.2
50 14.420.1 45.610.1 205+01 82:01  5.7+0.0 94.10.7
100 14.940.3 454$00  295:00 8.4:03  8.3tl4 94.5£0.9
mggttfo”;ﬁiegat”re' 0 0 13.9:0.3 46.7+0.2 30.3:t0.1 80:01 8113 95.1+0.5
50 13.820.2 46703  30.3:02 80:00  10.0t16  94.4%0.3
100 13.8£0.2 46.3£0.6 30£0.4  80:0.1  8.8£20 95.3+0.7
9 0 29.0+0.5 531+1.3  34.9:09 84:00  6.6:04 96.9+0.3
50 29.1+0.8 51.3+1.1 336:08 84:00  6.5:04 96.7+0.9
100 28.7:0.3 48520  316+15 83:0.1  660.1 98.5+1.0
15 0 29.4£0.3 55.4+15  36.6+1.1 84+00  69:0.7 97.3+05
50 29.4+0.7 53.8+1.2 354:09 83300 64202 96.9+0.1
100 28.820.1 51.3+2.2 33616 83:00  6.7:0.6 97.240.4
Low terpperatu re, 0
eutrophic 0 13.7£0.2 45.6£0.1 205:0.1  8:00  6.2%0.1 95.3+0.1
50 13.6£0.1 45.3£0.2 20.3:02  8:00  8.7%l2 94.9+0.2
100 13.6£0.1 456£0.3  295:02 8101 8921 93.9+1.0
9 0 14.9+0.1 44.2+0.2 28.6:0.1 81:00  6£0.1.0 94.3+1
50 14.5£0.3 439:04  283:03 81:00 5800 94.5:0.1
100 15.5£0.4 44.2+0.2 28.6:02 8100 58201 94.6+0.0
15 0 14.8+0.2 45£0.2 20.1$02 81:00  6.9+1.0 94.3£0.6
50 14.3:0.3 448:04  200:0.3 81:00  58:0.1 94.5£0.4
100 15.1£0.4 45.0£0.3  291:02 81:00  6.81.0 94.4+0.8
eHthrggmpera‘”re' 0 0 13.640.0 451402 20101 80:00 107+0.0  95.0+0.3
50 13.520.0 45400  204:00 80:00  8.7l6 94.9:0.3
100 13.5:0.1 456£0.3  295:02 80:00  9.4+18 94.9+0.4
9 0 29.30.8 48.8:0.6  31.6:05 84:0.1  63:0.1 96.6+0.4
50 29.0£0.2 49.7+0.2 324:01 8400 63201 96.5£0.2
100 28.0£0.2 485:0.3  31.6:02 83:00  62:0.1 97.8+0.4
15 0 28.80.1 51.5:1.0  33.8:0.8 8400  7.0:07 97.7+0.0
50 29.440.3 52.9:0.6  34.8:04 83300  6.2:0.1 96.1+0.3
100 28.1£0.2 52.0:05 34104 82:00  6.2:0.1 97.8+0.9
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Table 3: Results of type 1l Wald Chi-Square tests of the effects the predictors on the abiotic environmental
response variables Statistically significant outcomes are displayed in bold

2

Environmental variables x» df p-value
Conductivity 12.6 2 0.002**
Dissolved Oxygen (DO) 2.33 2 0.311
) pH 1.15 2 0.563
Sandprawn density o iiry 20.70 2 p< 0.0001%**
Temperature 0.59 2 0.743
Turbidity 1.64 2 0.441
Conductivity 24.60 1 p< 0.0001***
Dissolved Oxygen (DO) 0.12 1 0.733
) . pH 0.02 1 0.902
Trophic condition o vy 26.50 1 p< 0.0001%**
Temperature 1.38 1 0.239
Turbidity 291 1 0.088
Conductivity 191 1 p< 0.0001***
Dissolved Oxygen (DO) 161 1 p< 0.0001***
pH 125 1 p< 0.0001***
Temperature Salinity 338 1 p< 0.0001***
Temperature 933 1 p< 0.0001***
Turbidity 7.49 1 0.006**
Sandprawn density Conductivity 8.13 2 0.017*
X Dissolved Oxygen (DO) 0.47 2 0.783
trophic condition pH 2.10 2 0.350
Salinity 14.0 2 0.001***
Temp 0.516 2 0.772
Turbidity 0.017 2 0.991
Sandprawn density Conductivity 1.96 2 0.375
X Dissolved Oxygen (DO) 0.94 2 0.626
temperature pH 8.56 2 0.014*
Salinity 7.35 2 0.025*
Temp 1.22 2 0.542
Turbidity 2.93 2 0.231
Trophic condition Conductivity 3.95 1 0.050*
X Dissolved Oxygen (DO) 1.48 1 0.223
temperature pH 3.20 1 0.073
Salinity 3.13 1 0.077
Temperature 0.48 1 0.490
Turbidity 0.61 1 0.435
Conductivity 3.33 2 0.189
Sandprawn density Dissolved Oxygen (DO) 5.39 2 0.068
X pH 0.76 2 0.684
trophic condition Salinity 4.50 2 0.105
X Temperature 1.00 2 0.605
temperature Turbidity 2.23 2 0.328
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3.2 Nutrients

Temperature level was the only predictor that statistically influenced nutrient levels,
significantly explaining variance in phosphate (p = 0.002), ammonium (p = 0.002) and nitrite
concentrations (p < 0.0001; Table 5). Generally, mean values of ammonium, nitrate and nitrite
were greater in high temperature treatments when compared to the low temperature treatment,
especially towards the end of the experiment. However, phosphate concentration was low in
high temperature under eutrophic conditions (Table 4). Neither sandprawn density nor trophic
conditions (independently or interactively) had a statistically significantly effected on

nutrients.
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Table 4: Spatial and temporal variability in inorganic nutrients (means + SE) at different sandprawn densities (0% =
control; 50% = 9 sandprawns per mesocosm; 100% = 18 sandprawns per mesocosm), temperature (low versus high) and
eutrophication (mesotrophic versus eutrophic) over the duration of the experiment

Treatment Day Sandprawn szgsopf;f:)lte Ammonium ’(\ll\lltorgt-g ,(\ll\lltcr)lt§

density (mg?L) (NH,%) (mg/L) (mg/L) (mg /i_)

0 0 3.1+1.0 5.743.4 4040 01400

50 4.4%03 7.6%13 0.0£00  0.1%0.0

100 2.9+0.9 2.7408 07407  0.1#0.1

Low temperature, 7 0 3.1406 45%3.1 07407  0.1%0.0
mesotrophic 50 2.5+0.3 9.2+1.8 0.6+0.6 0.1+0.0
100 2.5+1.1 10.1+2.2 0.3+0.3  0.1+0.0

13 0 1.6+0.2 84433 0.0£00  0.1%0.0

50 2.740.4 2.9+0.4 0505  0.1+0.0

100 3.040.2 6.4+3.2 0.0£00  0.1+0.1

0 0 3.3+1.4 8.3+1.0 1.041.0  0.1%0.0

50 1.8+0.5 6.6+3.3 0.040.0  0.1+0.0

100 2.740.8 7.243.4 1.1+05  0.1%0.0

High temperature, 7 0 2.6+1.0 10.2+2.0 0.8#05  0.5%0.2
mesotrophic 50 3.240.1 10.1+1.4 19419 04201
100 2.8+0.6 11.3+0.7 0.1#01  0.1+0.0

13 0 2.040.2 115+1.1 11+5.4 2.740.6

50 2.3+0.4 6.243.0 101436  2.0+0.6

100 1.6+0.6 8.7435 70+18  1.7+05

0 0 3.6405 8.0£3.1 0.0£0.0  0.1+0.0

50 38405 6.8+3.2 13+13  0.020.0

100 3.740.4 4.0£33 1.8+18  0.1%0.0

Low temperature, 7 0 3.240.2 27422 12408  0.1%0.0
eutrophic 50 3.240.7 6.1+2.1 0.0+0.0 0.1+0.0
100 3.240.7 6.2+2.6 0.040.0  0.1+0.0

13 0 2.7405 10+1.1 23+14 0100

50 2.3+0.6 6.3+3.2 0.0£00  0.2+0.0

100 25405 5.4+2.7 0.0£0.0  0.1+0.0

0 0 25+1.1 10.3+0.6 0.0£00  0.0£0.0

50 1.8+0.5 5.543.6 16+16  0.0+0.0

100 0.540.3 6.843.5 0404  0.0+0.0

7 0 1.9+0.3 10.5+1.0 24412  0.3+0.0

eHthrggmperat”re' 50 23+1.0 10.4+0.6 35:08 04401
100 34+0.3 5.242.1 18410  0.1%0.0

13 0 1.8+0.4 6.8+3.2 118472  3.2420

50 1.8+0.4 12+0.4 111452  3.8+1.1

100 3.3+x0.3 11.8+0.6 1.2+0.7 0.3+0.1




Table 5: Results of type Il Wald Chi-Square tests of the effects of the predictor variables on inorganic
nutrients. Results were produced with analysis of variance (ANOVA) of linear mixed effects models.

Statistically significant outcomes are displayed in bold

Inorganic nutrients X df p-value
Phosphates (PO+*) 0.103 2 0.950
Sandprawn density Ammonium (NHs") 0.983 2 0.612
Nitrates (NO3) 4.74 2 0.094
Nitrites (NOy) 3.24 2 0.198
Phosphates (PO4*) 0.022 1 0.882
Trophic condition Ammonium (NH4*) 0.045 1 0.831
Nitrates (NO3) 0.161 1 0.688
Nitrites (NO;’) 0.848 1 0.357

Phosphates (PO4*) 9.57 1 0.002**

Temperature Ammonium (NH4*) 9.59 1 0.002**
Nitrates (NOs’) 0.281 1 0.596

Nitrites (NO2) 61.9 1 <0.0001***

Sandprawn density Phosphates (PO4*) 0.807 2 0.668
X Ammonium (NH.") 0.466 2 0.792
trophic condition Nitrates (NOs’) 0.269 2 0.874
Nitrites (NO) 2.00 2 0.369
. Phosphates (PO4*) 0.769 2 0.681
Sandprawn density Ammonium (NH.") 0.710 2 0.701
temp;(rature Nitrates (NO3) 3.50 2 0.174
Nitrites (NO>) 6.32 2 0.042
Trophic condition Phospha.tes (PO+*) 1.78 1 0.082
x Ammonium (NH.") 0.014 1 0.905
temperature Nitrates (NO3) 1.95 1 0.162
Nitrites (NOy) 2.33 1 0.127
] Phosphates (PO4*) 0.848 2 0.654
St?g‘gﬁlr:‘(’:‘g‘ngft'l‘g';y X Ammonium (NHz") 1.14 2 0.565
temperature Nitrates (NO3’) 0.082 2 0.960
Nitrites (NOy) 2.30 2 0.316
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3.3 Total Bacteria Assemblage

A total of 550 bacterial taxa and 29 phyla were recorded in the bacterioplankton assemblage
across all experimental treatments. Proteobacteria was the most abundant Phylum (84.65% of
the assemblage) followed by Bacteroidota (5.073%), Firmicutes (2.376%), Planctomycetota
(2.263%) while the least abundant was Margulisbacteria (0.002%; Figure 3). PERMANOVA
results indicated that there were no statistically significant (p > 0.05) main effects of sandprawn
density, temperature and trophic condition on the bacterial assemblages (550 taxa) across all
experimental mesocosms treatments. However, the interaction between sandprawn density and
temperature (p = 0.027) and sandprawn density and nutrient level (p = 0.026) significantly

explained variance in bacterial assemblages in the experiment.
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Figure 3: Contribution of Phyla to bacterioplankton assemblages across all experimental

treatments. Note: Temp = Temperature, High (Nutrients) = Eutrophic water conditions and

Low (Nutrients) = Mesotrophic water conditions.
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Table 6: Results of PERMANOVA analysis testing the main and interactive effects of

predictors (sandprawn density, temperature, and trophic state) on the bacterial assemblage

composition (550 taxa, based on total operational taxonomic units (OTU)) from the

mesocosm experiment. Relative abundance was square root transformed for the analysis

with a Bray-Cutis similarity index. The values in bold represent statistical significance. df =

degree of freedom, SS = Sums of Squares (Type 11 partial), MS = Mean square. The output

is based on 999 permutations of residuals under a reduced model

Factors df SS MS Pseudo-F p-value Unique
perms

Sandprawn density 2 94439 472.19 0.64473 0.804 999

Temperature 1 1243.9 1243.9 1.6985 0.116 999

Trophic state 1 542.8 542.8 0.74113 0.593 999

Sandprawn density = 2 3311.7 1655.9 2.2609 0.027 998

X Temperature

Sandprawn density 2 3569.8 1784.9 2.4371 0.026 999

X Trophic state

Temperature x 1 777.78 777.78 1.062 0.331 999

Trophic state

Sandprawn density 2 2663.3 1331.6 1.8182 0.069 998

X Temperature x

Trophic state

Residual 23 16845 732.39

Total 34 29562
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SIMPER Analysis of bacterial assemblages

The two-way SIMPER analysis showed that a total of 44 bacterial species contributed most to
differentiating bacterial communities among sandprawn densities and temperature levels
(based on the significant sandprawn x temperature interaction from PERMANOVA). The
genus Citrobacter was present in both low and high temperature treatments. C. freundii
contributed most to differentiating high and low temperature treatments and showed a
unimodal response to sandprawn density in the low temperature treatment, but its average
abundance increased with increasing sandprawn density in the high temperature treatment.
Generally, at low temperature, most taxa that were present in 0% sandprawn treatments were
absent at 50% and 100% sandprawn density (species numbers 9-19 & 28-34; Table 7).
However, there was also another group of taxa that was absent in 0% sandprawn density
mesocosms but become highly abundant in 100% mesocosms (species humbers 20-27; Table
7). In the high temperature treatment, most taxa declined in abundance from 0% to 100%
sandprawn density, resulting in total abundance of bacteria generally declining with increasing
sandprawn density. However, under low temperature, the decline in total bacterial abundance

was less prominent, with a ‘U’-shaped response being evident.
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Table 7: SIMPER analysis (50% cut off) showing bacterial taxa that contributed most to the variance among different
sandprawn densities and temperature levels. Taxonomic names with X represent unidentified names. The letters in bracket

represents the bacterial order names, which are shown at the end of the table. SN = species number.

Low Temperature (LT)

High Temperature (HT)

S/N__ Genus specie 0% 50% 100% 0% 50% 100%
1 Citrobacter freundii (E) 539150 11926.20 6261.17 1303.83  15242.67
2 Mitochondria X (RK) 6867.40 850.50
3 Citrobacter pasteurii (E) 756.00 2819.60  4392.33 1287.00 10000.83
4 Roseivirga X (Cy) 3821.80
5 Rhodobacteraceae X (Rh) 935.60
6 Enterobacter X (E) 4705.83 8482.40 828.67
7 Citrobacter X (E) 1990.50 434.60 1389.17 1450.83  2384.67
8 Escherichia-Shigella X (E) 4128.00 1604.40  1674.17
9 Klebsiella X (E) 3491.50 1428.67
10  Clostridium X (CI) 5776.33
11  Serratia marcescens (E) 5493.50 1709.33
12 Kluyvera georgiana (E) 2355.00 1422.67
13 Citrobacter braakii (E) 2804.83 12317.17 3605.33  5874.33
14 Pseudomonas X (P) 1554.17
15  Thiotrichaceae X (T) 1972.50
16  Enterobacter cloacae (E) 621.00 2603.50 13566.33  3766.17
17 Escherichia-Shigella coli (E) 2488.17 1649.33
18  Raoultella planticola (E) 3054.00 12832.50 6117.83
19  Lentibacter X (Rh) 3158.00
20  Alkanindiges X (P) 5010.33 816.83
21  Erythrobacter X (Sm) 1671.83
22 Klebsiella aerogenes (E) 4585.00
23 Polycyclovorans X (S) 1120.00 1940.00
24 Oleiphilus messinensis (P) 620.67
25  Legionella X (L) 643.00
26  Citrobacter werkmanii (E) 1629.17
27  Chloroplast X (Ch) 1018.00
28  Delftia acidovorans (BK) 1000.00
29  Marivita lacus (Rh) 1272.33
30  Legionellaceae X (L) 612.33 5332.33
31  Klebsiella pneumoniae (E) 413.17 1981.17
32 Anaerobacillus X (B) 695.67
33  Yangia X (Rh) 407.67
34 Serratia X (E) 451.33
35  Enterobacter kobei (E) 10024.17
36  Pantoea X (E) 3365.17
37  Aestuariicoccus X (Rh) 2090.50
38  Edwardsiella ictaluri (E) 1537.67
39  Kluyvera X (E) 1037.67
40  Gracilibacteria X (C) 2927.33
41  Enterobacter lignolyticus (E) 593.17
42 Paraglaciecola X (E) 847.50
43 Mf105b01 X (Pv) 375.67
44 Marivita cryptomonadis (Rh) 611.33
Total 54593.33 36892 48558.68 52339.33 417225 21117

*Note: Enterobacterales (E), Burkholderiales (Bk), Bacillales (B), Candidatus (C), Rhodobacterales (Rh), Cytophagales
(Cy), Clostridiales (CI), Pseudomonadales (P), Sphingomonadales (Sm), Salinisphaerales (S), Mf105b01 (Mf)
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SIMPER Analysis of bacterial assemblages contd.

For the trophic state treatment, a total of 52 bacterial species contributed most to differentiating
bacterial communities among sandprawn densities and trophic states (based on the significant
sandprawn X trophic state interaction from PERMANOVA). The bacterial species Citrobacter
freundii, C. pasteurii and Enterobacter cloacae were present in both mesotrophic and eutrophic
treatments. C. freundii contributed most to differentiating mesotrophic and eutrophic
treatments and showed a unimodal response to sandprawn density in the mesotrophic treatment,
but its average abundance increased with increasing sandprawn density in the eutrophic
treatment. Generally, in mesotrophic conditions, most taxa that were present in 0% sandprawn
treatments were absent at 50% and 100% sandprawn density (species numbers 1-21 & 23-24;
Table 8). However, there was also another group of taxa that were absent in 0% sandprawn
density mesocosms but become abundant in 100% mesocosms (species numbers 29-46; Table
8). In the mesotrophic treatment, most taxa declined in abundance from 0% to 100% sandprawn
treatments, resulting in total abundance of bacteria generally declining with sandprawn density.
However, with eutrophic conditions, total abundance decline was negligible, with a ‘negative

U’-shaped response recorded.
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Table 8: SIMPER analysis (50% cut off) showing bacterial taxa that contributed most to the variance among different
sandprawn densities and trophic state. Taxonomic names with X represent unidentified names. The letters in bracket
represents the bacterial order names, which are shown at the end of the table. SN = species number.

Mesotrophic (LN)

Eutrophic (HN)

S/N  Genus specie 0% 50% 100% 0% 50% 100%
1 Serratia marcescens (E) 6741.83
2 Enterobacter X (E) 3504.50 714.83 2234.00 1350.50
3 Citrobacter braakii (E) 13780.67  4272.80 1341.33
4 Escherichia-Shigella coli (E) 3221.50 916.00
5 Citrobacter X (E) 1206.17 1669.00 3041.33 223517  1356.00
6 Pseudomonas X (P) 1567.00
7 NS3a X (F) 1334.83  507.33
8 Raoultella planticola (E) 3525.67 5646.17
9 Klebsiella aerogenes (E) 1571.67
10 Citrobacter pasteurii (E) 786.50 6283.60 1596.00 1256.50 7114.17
11 Enterobacter lignolyticus (E) 1407.17 545.83
12 Klebsiella pneumoniae (E) 1663.33
13 Raoultella X (E) 618.00 15100.00
14 Holosporaceae X (H) 2033.00
15 Marivita lacus (Rh) 1182.33
16 Roseibacterium X (R) 953.50
17 Limnobacter X (B) 587.00
18 Kluyvera georgiana (E) 1839.00 5313.67
19 EV818SWSAP88 X (EV) 456.67
20 Edwardsiella ictalurid (E) 1162.83
21 Marivita X (R) 1009.83
22 Enterobacter cloacae (E) 8799.83 5376.00 2580.33 5387.50 1424.67
23 B2M28 X (B2) 455.83
24 Kluyvera X (E) 770.17
25 Citrobacter freundii (E) 6975.00 5953.00 1207.17 5429.83 15550.83
26 Legionellaceae X (L) 3452.80 2529.17
27 Polycyclovorans X (Sm) 2023.40 1356.83
28 Roseivirga X (Cy) 2799.40 1955.50
29 Chloroplast X (Ch) 2256.33
30 Escherichia-Shigella X (E) 1690.83 4214.33 1297.50
31 Kluyvera georgiana (E) 3639.67 1938.67
32 Citrobacter werkmanii (E) 1651.50
33 WCHB1-41 X (W) 1446.00
34 Acinetobacter X (P) 1488.50
35 Erythrobacter X (Sm) 1318.50
36 Mitochondria X (Rk) 863.83 9004.83
37 Oleiphilus messinensis (P) 557.67
38 OM190 X 454.00
39 Salmonella enterica (E) 344.33
40 Klebsiella X (E) 334.00 4489.83
41 Rhodobacteraceae X (Rh) 1139.33 352.50
42 Thiotrichaceae X (T) 1351.50
43 Marinobacter X (P) 751.67
44 Marivita lacus (Rh) 1278.67
45 Methyloligellaceae X (Rb) 316.33 538.83
46 Alkanindiges X (P) 995.83 6751.83
47 Enterobacter kobei (E) 9969.33
48 Pantoea X (E) 3600.00
49 NS11-12 X (S) 4674.50
50 Alteromonadaceae X (E) 553.17 1011.83
51  Mf105b01 X (Pv) 474,50
52 Clostridium X (CI) 2016.67

Total 60178.83  48459.33 36670.81 34906.84 56922.83  22302.66

Note: Enterobacterales (E), Flavobacteriales (F), Burkholderiales (Bk), Legionellales (L), Pseudomonadales (P), Rickettsiales (RK),
Rhodobacterales (Rh), Cytophagales (Cy), Sphingomonadales (Sm), Rhizobiales (Rb), Salinisphaerales (S), B2M28 (B2), Chloroplast
(Ch), Parvibaculales (Pv), Holosporales (H), Burkholderiales (B), WCHB1-41 (W), Thiotrichales (T), EV818SWSAP88 (EV)
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Total bacterial biodiversity measures

Visually, abundance, richness and diversity appeared to respond in a unimodal pattern to
increasing sandprawn densities, with most metrics peaking at 50% sandprawn density (Figure
4). However, according to the linear model output, total bacterial diversity measures were not
significantly (p > 0.05) influenced by any main or interactive predictors effect. The 50% cut
off simper analysis bacterial (62 taxa) diversity measure chart show a unimodal trend to
increasing sandprawn density. Species diversity (H") and total individual (N) peaked at 50%
and 100% sandprawn density, respectively. However, total species peaked around the 50%
sandprawn density treatment (Figure 5). The total individuals were significantly influenced by
temperature (p = 0.01). Temperature and trophic state influenced (p = 0.04) the species
diversity. However, total species were not significantly (p > 0.05) influenced by any main or

interactive predictors effect.
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Distance-based linear model (DistL M)

DistLM marginal testing indicated that temperature, turbidity, phosphate, ammonium, and
nitrate did not individually explain the variance in bacterial assemblages. Also, sequential
testing indicated that none of the 5 combined environmental variables significantly (p > 0.05)

explained variance in the bacterial assemblages (Table 9).

39



Table 9: Results of distance-based linear modelling (DITLM) showing results of main (marginal test) and cumulative
(sequential test) effects of abiotic and biotic environmental variables in explaining variance in the bacterial (550 taxa)
assemblage across all mesocosm treatments

Environmental Adj. R? SS(trace) Fpseudo p-value  Proportion Cumulative Res.df
Variable of variance ~ Variance
Explained

Marginal test
Temperature 3137.6 0.932 0.577 0.027
Turbidity 4447 4 1.337 0.075 0.039
Phosphate 2347 0.692 0.937 0.021
ammonium 3182.4 0.946 0.569 0.028
Nitrate 3844 1.149 0.218 0.034

Sequential tests
+Temperature 0.027 3137.6 0.932 0.572 0.027 0.027 33
+Turbidity 0.062 3891.7 1.162 0.222 0.034 0.061 32
+Phosphate 0.088 3051.4 0.908 0.608 0.027 0.088 31
+Ammonium 0.114 2889.5 0.856 0.717 0.025 0.114 30
+Nitrate 0.145 3556.4 1.056 0.337 0.031 0.145 29
Specified solution
R"2 RSS No.Variables

Selections

0.14471 97678 5 All

*Note: Statistically Significant (p-values <0.05) Adj. R? = Adjusted R?, SS(Trace) = Sums of squares of trace statistic,
Frseudo = Pseudo F-statistic, p-value = Probability value by permutation, Res. df = Residual degrees of freedom.
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Order-level trends

PERMANOVA analysis run at the order (152 orders) level indicated that bacterial community
composition was significantly influenced by the interaction between sandprawn density and
trophic state (p = 0.031; Table 10). Of all the bacterial orders, one-way SIMPER analysis
(predictors: sandprawn density x trophic conditions; 50% cut-off) revealed that
Enterobacterales contributed the most to the difference of the bacterial order level in both
mesotrophic and eutrophic treatments. The average abundance of Enterobacterales decreased
from 64568.59 to 40357.92 with increasing sandprawn density in mesotrophic treatments while
the opposite occurred in eutrophic mesocosms from 40357.92 to 62295.72 with increasing

sandprawn density (Table 11).
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Table 10: PERMANOVA analysis result of the main and interactive effect of different
sandprawn densities, temperature, and nutrient levels on the total bacteria assemblages at the
order level

Factors df SS MS Pseudo-F  p-value Unique
perms

Sandprawn density 2 40428 20214 0.97894 0.462 995

Temperature 1 16763 16763 0.81182 0.612 998

Trophic state 1 13208 13208 0.63966 0.789 999

Sandprawn density 2 46089 23045 1.116 0.303 998

X Temperature

Sandprawn density 2 71727 35863 1.7368 0.031 996

X Trophic state

Temperature x 1 17732 17732 0.85874 0.559 999

Trophic state

Sandprawn density 2 36840 18420 0.89206 0.588 998

X Temperature x

Trophic state

Residual 23 0.0000475 20649

Total 34 0.0000720

Table 11: SIMPER analysis with a 50% low cut off identifying the average abundance of bacterial
orders that contributed most to variance in bacterial assemblages at the order level between the

interaction of different sandprawn densities and trophic state (as determined by PERMANOVA)

Mesotrophic (LN) Eutrophic (HN)
Order 0% 50% 100% 0% 50% 100%
Enterobacterales 64568.59 56449.57 40357.92 40357.92 46963.40 62295.72
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4. DISCUSSION

This research investigated the interactive and individual influences of ecosystem engineering
by sandprawns (Kraussillichirus kraussi), temperature and eutrophication (trophic state) on
pelagic bacterial assemblages. The broader goal was to contribute to understanding microbial
community-level responses to global change, as well as factors that determine changes in
bacterial species composition in the Zandvlei Estuary, and similar urban systems. |
hypothesized that changes in sandprawn density, temperature and trophic state would shape
microbial community structure in respect to species abundance, richness, and diversity. This
was based on the expectation that each predictor would positively or negatively affect certain
microbial taxa depending on their biological traits. Overall, understanding consequences of the
predictors investigated on pelagic microbes is timely as they are known to play a vital role in

biogeochemical processes such as coastal carbon and nitrogen cycling (Fuhrman, 2009).

4.1  Physical Environment

Abiotic conditions were generally uniform in the experiment across sandprawn density. This
result is related to the findings of Venter et al. (2020) where abiotic variability across
mesocosms and sandprawn treatments were minimal. This is expected in an indoor mesocosm
experiment because the environment is largely controlled and not subjected to external
variation. However, there were cases where abiotic variation was detected statistically, but
these were generally minor. In mesotrophic treatments for example, conductivity and salinity
levels were reduced slightly the presence of sandprawn towards the end of the experiment.
Hence, it is plausible that the significant statistical effect detected for sandprawn density on
conductivity and salinity during this experiment stems from marginal temporal variation that

occurred towards the end of the experiment.
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Generally, nutrient variables varied slightly across sandprawn treatment levels. However,
concentration of ammonium, nitrate and nitrite were greater in some cases under high
temperatures. Venter et al. (2020) reported that concentrations of pelagic ammonium was
greatest in mesocosms relative to other nutrients. This is not surprising given that ammonium
is the most available of the dissolved nitrogen specie for exchange between water and sediment
(Pillay and Branch, 2011). Varying temperature levels are recognised as an important climatic
factor that influences the functioning and structuring of coastal ecosystem (Brierley and
Kingsford, 2009). Increase in temperature can impact coastal biogeochemistry, which includes
change in microbially driven reactions. This could lead to changes in benthic infaunal activity,
with temperature having the potential to alter bioturbation and bioirrigation and thereby modify
nutrient fluxes between sediments and the water column (Statham, 2012). These mechanisms
may explain why phosphate, ammonium, and nitrate concentrations were significantly affected

by temperature in this experiment.

4.2 Bacterial Assemblages

Overall, the bacterial assemblages reported in this study reflect estuarine conditions from which
they were collected, which in turn are known to be temporarily fluctuating and sometimes
nutrient-rich (MacArthur & Wilson, 1967; Song et al., 2017). The most dominant bacterial
phylum detected in this study was the Proteobacteria. This is similar to the findings of Matcher
et al. (2018), who reported Proteobacteria and Bacteroidetes to be the dominant bacterial phyla
recorded from three different Southern African estuaries (Kowie Estuary, Kariega Estuary and
Sunday River Estuary). Separately, Kirchman et al. (2005) reported Proteobacteria (alpha and
beta) as one of the most dominant bacterial groups in the Delaware Estuary (USA). In addition,
Cheng et al. (2019) reported a 52.2% relative abundance of Proteobacteria, in a eutrophic lake
(Lake Chaohu located in China). Proteobacteria are recognised as meditators of coastal
ecosystem processes such as carbon and nutrient cycling (Ghosh and Bhadury, 2019; Davies
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et al., 2011). Margulisbacteria were the least dominant bacterial phyla in this study. Ohore et
al. (2023) reported these bacteria in surface waters of the Rongjiang River Estuary (China) and
are considered a rare microbial group that is responsible for nutrient cycling, and in maintaining
estuarine resilience and community stability. It has been suggested that members of this group
may respond promptly to environmental perturbations (Xu et al., 2021). The presence of
Margulisbacteria in the current study reflected the dynamic nature of the urbanised Zandvlei

Estuary, from which material for the experiment was obtained. .

Variance in pelagic microbial community composition in the current study was affected by the
interaction between (1) sandprawn densities and temperature and (2) sandprawn densities and
trophic state. Importantly, the main effects of predictors were not detected, and sandprawn
effects in particular evident through interactions with temperature and trophic state, implying
that trophic and thermal context determine sandprawn effects on the bacterial assemblages.
Regarding trophic state, increased concentrations of inorganic and organic nutrients has been
shown to promote the growth of bacterial resulting in higher bacterial variance and shifts in
community composition (Garnier et al., 1992; Gofii-Urriza et al., 1999; Jordaan et al., 2019).
The northern reaches of my study site — the Zandvlei estuary, are highly eutrophic and are
influenced by inputs stemming from poor sanitation infrastructure, informal settlements, and

riverine discharge from surrounding areas (Harding, 1994; Venter et al., 2020).

One-way SIMPER analysis identified bacterial species that differentiated the low and high
temperature treatments. While several species discriminated this treatment, Citrobacter
freundii contributed most to the dissimilarity. However, when considering sandprawn effects
in conjunction with temperature (based on the significant sandprawn x temperature interaction
identified by PERMANOVA), the average abundance of C. freundii increased with increasing
sandprawn density in high temperature the treatment (28 to 29°C; Table 2). Generally,
Citrobacter spp. are mesophilic in nature but have been reported to be well adapted to higher
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temperatures (50 - 70°C) (Droftner et al., 1995), with reports of optimal growth at a temperature
of 37°C. (Rogers et al., 2016). These bacteria can also be found in variety of environments
such as water, soil, human clinical samples and digestive tracts of animals (Frederiksen et al.,
2003; Frederiksen et al., 2005; Cabral, 2010). In contrast to the high temperature treatment, a
unimodal trend for C. freundii abundance was recorded in the low temperature treatment with

increasing sandprawn density.

In terms of high temperature and effects on bioturbation, studies have shown increasing
sediment reworking rate by deposit feeders. Maire et al. (2007) reported an increased rate of
sediment expulsion by a deposit-feeding bivalve (Abra ovata) under elevated temperature
level. This was also reported for by Berkenbusch and Rowden (1999) who quantified the rate
of sediment expulsion rate of Biffarius (as Callianassa) filholi over a span of 12 months in a
New Zealand intertidal sandflat. The result from their research showed a significant correlation
between temperature and bioturbation activities of B. filholi. Specifically, sediment expulsion
was greater in summer when compared to winter season. Similarly, Rowden et al. (1998)
reported a higher level of sediment reworking by Callianassa subterannea during the summer
season but inactivity in springtime at a low temperature of 7°C. From my results, C. freundii
and C. braakii were positively affected by increasing sandprawn density, particularly in the
high temperature treatment. This might have been due to increased sediment turnover and
erodibility induced by sandprawns causing suspension of these species into the water column.
Bacteria, larvae, and diatoms that colonise sediment are known to be expelled and swept into
the water column with high bioturbation (Pillay et al., 2007). Studies have shown that sediment
erodibility via bioturbation by deposit feeders can disrupt sediment stabilizers such as bacteria,
diatoms, and the extracellular polymeric substances (EPSs) they secrete (Widdows et al., 2000;
de Deckere et al., 2001). Alternatively, if C. freundi and C. braakii are not suspended into the

water with increasing sandprawn density, they may benefit from trophic resources that are
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resuspended such as microalgae. In addition, the active water pumping through bi-directional
water exchange between the benthic and pelagic zones (Volkenborn et al., 2010; Moyo et al.,
2017) oxygenates the mesocosm at smaller scales (cm; minutes), which could have positively

influenced C. freundii and C. braakii abundance.

Overall, there was a declining trend of most taxa with increasing sandprawn density but more
strongly in the high temperature treatment. This could be as a result of strong filtration power
by sandprawns and strengthened by high temperature. Venter et al. (2020) previously reported
an approximate 50% decrease of phytoplankton (chl-a) biomass in the overlying mesocosm
waters in the presence of sandprawn, which was linked biofiltration activities of sandprawn.
Burrow walls had greater levels of microalgal biomass than sediment surfaces, suggesting that
walls were trapping phytoplankton cells. A similar mechanism might explain the declining
trend recorded for bacteria with increasing sandprawn density. Alternatively, these declines
could be related to interspecific interactions (e.g. competition) driven by increases in
abundance of species such as C. freundi and C. braaki with sandprawn density. A significant
portion of the taxa that displayed declining trends with sandprawn density were from the
phylum Enterobacterales. Among other taxa that decline or disappeared with increasing
sandprawn density are Echeriscia and E. coli. These taxa are recognised as faecal indicator
organisms (FIO) and their presence in coastal ecosystems indicate the presence of potentially
pathogenic microbes which has been positively linked to organic matter loading in the water
column (Howell et al., 1996). They have also been reported as effective water quality and
human health risk indicators in coastal and estuarine ecosystems (Hassard et al., 2016). In my
study, some Echeriscia and E. coli strains were eradicated in the water column with increasing
sandprawn density. It is possible these taxa were filtered during the biofiltration activities of

sandprawns from the water column (Venter et al., 2020). Alternatively, C. freundii top-down
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(consumption of E. coli) or competitive (C. freundii outcompeting E.coli) effects may also have

played a role.

Some bacterial taxa that were absent at low temperature were present at high temperature. Taxa
such as Edwardsiella ictaluri, Kluyera sp., Enterobacter lignolyticus, Paraglaciecola sp,
Aestuariicocus sp. and Marivita cryptomonads were recorded in the 0% sandprawn density at
high temperature. Thermal conditions have been reported to significantly affect the physiology
and behaviour of Edwardsiella (Leung et al., 2022). Du et al. (2007) reported that Edwardsiella
incubated in a seawater at 4°C were viable but not culturable. However, the reverse occurred
when these bacteria were incubated at 26°C. In addition, E. lignolyticus are classified has
mesophilic and can be viable in an optimum temperature of 30°C (DeAngelis et al., 2011;
Ashburner et al., 2000). Thus, the set of bacteria that were recorded in the high temperature

treatment were likely tolerant to the higher temperatures in the experiment.

Previous research (Harding, 1994) has characterised the Zandvlei estuary as eutrophic, mainly
due to high sewage discharge and riverine inputs spanning from informal settlements.
Eutrophic conditions could explain the high abundance of C. freundii in my experiment,
especially in the eutrophic treatment. These bacteria are known to be nutrient-loving and
aerobic (Jung and Park, 2015; Wu et al., 2019). In the mesotrophic treatment, most of the
bacterial species were recorded under 0% and 100% sandprawn density. The most dominant
species were from the order Enterobacterales such as Serratia marcescens, which has been

reported from raw sewage water (Dacayo et al., 2019; Xu et al., 2012).

Overall, total microbial abundance under the mesotrophic and eutrophic treatment declined
with increasing sandprawn density. However, the abundance decline in mesotrophic treatment
was more significant. This effect could be due to water pumping and bacteria being adsorbed

them onto the burrow walls, leading to a reduction in bacterial abundance in the overlying
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water column (Pillay, 2019). Previous studies have argued the fact that burrow walls
constructed by thalassinideans are a diverse niche for microbes such as anaerobic denitrifying
and aerobic nitrifying bacteria and sulphate-reducing groups (Bird et al., 2000; Kinoshita et al.,
2003). More so, the stabilization of burrow walls with the aid of plant materials or
mucopolysaccharides as well as the selective retention of fine organically rich sediments by
some thalassinideans may positively influence the proliferation (or adsorption) of microbes
(Aller and Aller, 1986; Aller, 1988; Reichardt, 1988; Steward et al., 1996). Branch and Pringle
(1988) reported reduction in bacteria numbers on surface sediment while there was an increased
in bacteria density with the depth of Kraussillichirus kraussi burrow linings using a direct
counting method. Increased productivity in the eutrophic treatment is likely to have facilitated
the unimodal response of bacterial abundance to increasing sandprawn density. At 50%
density, nutrients likely favoured bacterial growth, but at 100% sandprawn density, filtration

probably outweighed bacterial growth.

Environmental parameters such as total organic carbon, dissolved oxygen, turbidity, salinity,
and temperature can determine the fate of microbial communities. They often dictate the
functional groups within an ecosystem and the phylogenetic diversity of microbial assemblages
(Ohore et al., 2023). Previous studies had shown the impact of temperature gradients on the
degradation activities of microbes and microbial community composition, which indirectly
contributed to gradients in organic pollutant distributions in aquatic ecosystems (Gao, 2021; Li
et al., 2013; Warrior and Carder, 2005). Hou et al. (2013) reported that anaerobic ammonium
oxidation (anammox) bacterial biodiversity from Yangtze estuary (China) were significantly
influenced by temperature and organic carbon availability. However, in my study, none of the
three predictors effects (sandprawns, temperature and trophic state) had a significant influence
on the total pelagic bacterial diversity metrices. There was evidence of changes in species

composition in response to interactions between sandprawns and temperature and sandprawns
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and eutrophication, based on SIMPER and PERMANOVA. However, opposing effects of
treatments on tolerant and intolerant taxa meant that as some taxa increased in response to a
predictor, others decreased, thus resulting in neutral diversity metric responses. In the case of
sandprawn density, some species such as C. freundii, C. braakii, Citrobacter pasteurii

increased in abundance while others like E. coli decreasing or disappearing.

To understand the determinants of variance in bacterial assemblages in my experiment,
Distance-Based Linear Modelling (DistLM) was applied. Generally, none of the predictor
variables considered in this study explained variance in the bacterioplankton community. This
suggests that changes in microbial community structure or composition experienced in this
study may be attributed to environmental parameters or events that were outside of those
considered in the DistLM. In addition, the R? values were small, suggesting that the input

variables were weak predictors (Table 9).

To the best of my knowledge, most of the previous research (Papaspyrou et al., 2005; Laverock
et al., 2010) regarding changes in microbial assemblages in reflex to burrowing thalassinidean
has focused on the benthic microbial community structure, with little or no attention on
overlying water microbial assemblages. The results of my study emanated from considering
the potential for thalassinids to influence bacterial assemblages occupying the overlying water.
Enterobacterales contributed more than 50% to the variance of bacterial taxa recorded from
this study. The decrease in relative abundance of the Enterobacterales in response to increasing
sandprawn densities under mesotrophic treatment suggests a negative effect of grazing or
biofiltration pressure by sandprawns. Sandprawn gut analyses have identified bacterial as a
source of food for deposit feeders such as K. kraussi (Harris et al., 1991), however, it is possible
that these bacteria may have been trapped onto the burrow walls of K. kraussi. Studies have
reported that Callianassa burrow walls are traps or hotspot for pelagic microbes (Dobbs and
Guckert 1988; Pillay and Branch, 2011). Through the estimation of phospholipid fatty acid
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(PLFA) and phospholipid phosphate assays, Dobbs and Guckert (1988) reported a greater
biomass of bacteria in the burrow lining of Sergio (as Callianassa) trilobata when compared
to the sediment surface. Similarly, Papaspyrou et al. (2005) demonstrated an increase in
bacterial abundance in the burrow walls of the Callianassid Pestarella tyrrhena relative to the
adjacent sediments. Thus, the negative influence of sandprawns on Enterobacterales in
moderately eutrophic water could be the result of biofiltration and consumption. However,
under eutrophic conditions, Enterobacterales numbers increased with sandprawn density,
possibly due to trophic resource availability stimulating reproductive rates, which in turn
overcame potential biofiltration and consumptive effects of sandprawns. Interestingly,
Berkenbusch and Rowden (1999) recorded that at high productivity, feeding rate of Biffarius
(as Callianassa) filholi was reduced as well as sediment turnover rate. In my study, greater
productivity could have reduced sandprawn feeding and water pumping rate, thereby reducing

top-down effects on Enterobacterales.

Potentially, the low sandprawn sediment turnover rate with greater resource availability
(eutrophic treatment) may have been associated with increased excretion. This mechanism
could have also played a role in the increased average abundance of Enterobacterales in the
eutrophic treatment. Frankenberg et al. (1976) have drawn attention to the trophic significance
of faeces of burrowing endobenthic crustaceans, as a substrate for bacterial colonisation.
Specifically, organically-rich faecal pellets are extruded from the burrows and deposited onto
the sediment surface (Branch and Pringle, 1987). Such faecal extrusions in the eutrophic
treatment may have supported the proliferation of Enterobacterales in this treatment. Ohore et
al. (2021a&b) suggested that aquatic nutrient compositions are major drivers shaping or
influencing aquatic microbial community structure. This corroborates the findings of Custodio
et al. (2023) who reported a higher abundance of Enterobacterales in Tipicocha Lagoon (Peru),

which was determined by fish farming activities and loading of nutrients. More so, studies have
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revealed that surplus or unconsumed food favours a selected group of bacterial that can use up
this available resource or selectively eradicate specific bacterial from the bacterial assemblage
(Long et al., 2021; Hu et al., 2017). Thus, nutrient availability via increased faecal matter
production by sandprawns may explain increases in Enterobacterales abundance with

increasing sandprawn density under eutrophic conditions.

Conclusion

Based on the findings of this study, it was evident that temperature, eutrophication level and
sandprawns did not independently influence pelagic microbial community structure. However,
the interaction between two predictors (sandprawn x temperature; sandprawn X trophic state)

were responsible for determining pelagic microbial community structure.

Only C. freundii was found consistently in both low and high temperature treatments, generally
displaying increases in population sizes with increasing sandprawn density. This suggests that
this species are resilient to both varying temperature levels used and any top-down sandprawn
effects related to biofiltration and consumption. Overall, some bacterial species were resilient
to the sandprawn top-down activities while others were eliminated from samples. Total pelagic
bacteria abundance showed declining trends with increasing sandprawn density in the

mesotrophic treatment, while under eutrophic conditions, the response was unimodal.

One of the pronounced effects of increasing sandprawns density in my experiment was the
reduction in E. coli abundance irrespective of the nutrients or temperature levels. E. coli is
classified as a faecal bacterium that is deliberately or accidentally introduced into the aquatic
ecosystems through wastewater discharge, surface run off, direct defecation, discharge from
sewage treatment plants and water drainage from agricultural land (Hassard et al., 2016). These
activities are very similar to the anthropogenic activities occurring within the Zandvlei Estuary

catchment, where the materials for this study was collected. The abundance of E. coli has been
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reported to effectively signal water quality and human health risk in aquatic/coastal ecosystems
(Hassard et al., 2016). However, my findings suggest that endobenthic crustaceans such as
sandprawns could be an effective nature-based tool to control the proliferation of E. coli.
Hence, these endobenthic crustaceans and their habitats need to be protected considering the
ecological service they provide in filtration of E. coli. This in turn translates into improved
water quality and can assist in preventing human diseases outbreaks, while building estuarine

resilience.
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6. APPENDICES

6.1 Appendix A: Experimental conditions results

Table A: Mean and standard error of abiotic environmental variables measured over the course of the

mesocosm experiment across different sandprawn densities

Sandprawn o Cond Sal Turbidity DO
Treatment — Day o, Temp (C) (mS/cm) (opY) pH (NTU) (%)
Low temp, 0 0 13.7+0.1 46.3+0.3 30102 801 9+2.9 934413
mesotrophic 50 13.620 45.7+0.2 29.620.2 8+0 8.7+2.1 94.9:0.1
100 13.7+0.1 45.7+0.1 29601 7940  87+l5 94.6+0
3 0 14703 45.7+0.3 297402  81#0.1  7.3+11 93+2
50 14.3+0.4 441403 285402  8+01 61403  94.4+0.6
100 14.4+0.2 44.2+0 285¢0  81+#01 61403  93.5+19
6 0 15.120.3 45.7+0.4 296403 8140  83%25 935402
50 14.3+0.1 44.8+0.3 28.9+03  81#0  59+01 93508
100 14,803 44.6+0.1 288:0  81#01 6.7+l 94.2+0.6
9 0 15.3+0.4 45.7+0.6 297404  81#0  7.+09 93812
50 14.7+0.1 44.7+0 28.9+0  81#0  6.1+05 94306
100 15.3+0.4 44.5+0.1 285404 8140  6.7+0.9 94+0.7
12 0 15.4+0.3 46203 29.840.3 82401 5840 93.6£1.9
50 14.6+0.1 45.10 292¢0  81#0.1 5801  934+16
100 16.5+1.2 44.940.2 291401 82401 59402  93.1+12
15 0 15103 46.5+0.3 302402  8.1+0 6+0.3 94.5£0.2
50 14.4+0.1 45.640.1 29501 82401 5740 94.140.7
100 14.9+0.3 45.4+0 295+0  84+03  83+14  945+09
High temp, 0 0 13.9+0.3 46.740.2 303:0.1 801  81#13  951+05
mesotrophic 9+0. 7+0. 340, +0. 1+1, 1+0.
50 13.8+0.2 46.7+0.3 30.3+02  8%0 10+1.6 944103
100 13.8+0.2 46.3+0.6 30404  8+0.1 8.8+2 95.340.7
3 0 30+1 49.3+0.2 321402 83%01  7.8+L5 97+0.6
50 28.240.8 47.4+0.7 30.8#0.5  8.340 6.1+0 95.4+0.3
100 27.8+0.4 46.1+0.9 29.8+0.6  83%0  67+03  96.8+05
6 0 29.7+0.5 51.5+0.8 338+06 83+0.1  67+03  96.9+0.6
50 28.7+0.4 49.5+0.9 32307  83+0  87+19  96.6+03
100 28.6£0.2 475£17 30.8#12 82401 6540 96+0.8
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Table A (contd.)

Sandprawn o Cond Sal Turbidity DO
Treatment Day density Temp (°C) (mS/cm) (opY) pH (NTU) (%)
9 0 29+0.5 53.1+1.3 34.9+0.9 8.410 6.6£0.4 96.9+0.3
50 29.1+0.8 51.3+1.1 33.6+0.8 8.4+0 6.5+0.4 96.7+0.9
100 28.7£0.3 48.5+2 31.6+15 8.3+0.1 6.610.1 98.5+1
12 0 29+0.3 54.6+1.5 35.8+1.2 8.4+0 6.2+0.1 101.5+1.3
50 29.5+0.7 52.1+1.1 34.240.8 8.3+0 6.4+0.2 98.9+£0.5
100 28.6+0.3 49.8+1.9 32.5+1.4 8.310 6.2+0.1 97.5+0.5
15 0 29.4+0.3 55.4+1.5 36.6+1.1 8.4+0 6.9+0.7 97.3+0.5
50 29.4+0.7 53.8%1.2 35.4+0.9 8.3x0 6.4+0.2 96.9+0.1
100 28.8+0.1 51.3+2.2 33.6%1.6 8.3x0 6.7+£0.6 97.2+0.4
Low temp, 0 0 13.7£0.2 45.6+0.1 29.5+0.1 80 6.240.1 95.3+0.1
eutrophic 50 13.6+0.1 45.3+0.2 29.3+0.2 8+0 8.7+1.2 94.9+0.2
100 13.6+0.1 45.6+0.3 29.5+0.2 8+0.1 8.9+2.1 93.9+1
3 0 14+0.1 44.6+0.2 28.8+0.2 80 6+0.2 95.8+0.5
50 14+0.3 43.3+0.2 27.9+0.2 8.1+0.1 5.9+0.1 93.6+1.1
100 14.9+0.3 43.4+0.2 28.3x0.4  8.2+0.1 5.9+0.1 92.8+0.7
6 0 14.5+0.1 44.4+0.4 28.7+0.3 8.1+0.1 6.9+0.4 93.8+1.2
50 14.3£0.4 43.7£0.2 28.2+0.2  8.1+0.1 5.9+0.2 93.4+0.8
100 15.1+0.4 43.8+0.2 28.3+0.1 8.1+0 6.5+£0.5 94.4+0.1
9 0 14.9+0.1 44.2+0.2 28.6+0.1 8.1+0 6+0.1 94.3+1
50 14.5+0.3 43.9+0.4 28.3+0.3 8.1+0 5.840 94.5+0.1
100 15.5+0.4 44.2+0.2 28.61+0.2 8.1+0 5.840.1 94,60
12 0 14.8+0.1 44.5+0.2 28.8+0.1 8.1+0 5.810 95.2+0.1
50 14.5+0.3 44.4+0.3 28.7+0.2  8.1+0.1 5.7+0 92.2+2
100 15.5+0.6 44.4+0.3 28.7+0.2 8.2+0.1 5.8+0.1 94.1+0.8
15 0 14.8+0.2 45+0.2 29.1+0.2 8.1+0 6.9+1 94.3+0.6
50 14.3+0.3 44.8+0.4 29+0.3 8.1+0 5.8+0.1 94.5+0.4
100 15.1+0.4 45+0.3 29.1+0.2 8.1+0 6.8+1 94.4+0.8
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Table A (contd.)

Sandprawn o Cond Sal Turbidity DO
Treatment — Day o gy, Temp (C) (mS/em) (opY) pH (NTU) (%)
High temp, 0 0 13.620 45.1+0.2 29.1+0.1 8+0 10.7+0 95+0.3
eutrophic
50 13.5+0 45.4+0 29.4+0 8+0 8.7+1.6 94.9+0.3
100 13.5+0.1 45.6+0.3 29.5+0.2 8+0 9.4+138 94.9+0.4
3 0 28.8+0.5 46.9+1.1 30.3+0.7 8.310 6.6+0.3 95.7+0.6
50 27.8+0.6 45.7+£0.3 29.5+0.2 8.3+0.1 6.5+0.1 97.8+0.9
100 26.8+0.4 44.9+0.1 29+0.1 8.3+0.1 6.2+0 96.1+0.4
6 0 29.6+0.7 46.5+1 31.1+04  8.4+0.1 7.6+0.7 95.9+0.6
50 29+0.5 46.6+1.4 36.8+5.5  8.4+0.1 6.6+0.1 96.2+0.5
100 27.4+0.2 46.9+0.2 30.4+0.1 8.310.1 6.3+0 96.1+0.8
9 0 29.3+0.8 48.8+0.6 31.6+0.5 8.4+0.1 6.3+0.1 96.6+0.4
50 29+0.2 49.7+0.2 32.4+0.1 8.4+0 6.3+0.1 96.5+0.2
100 28+0.2 48.5+0.3 31.6+0.2 8.3+0 6.2+0.1 97.8+0.4
12 0 28.9+0.4 50.1+1 32.7+£0.7 8.4+0 6.5+0.1 99+1.4
50 28.8+0.4 51.8+0.3 33.9+0.3 8.4+0 6.5+0.3 97.1+0.5
100 27.8+0.2 50.4+0.5 32.9+04 8.3+0 6.4+0.2 100.2+£2.2
15 0 28.840.1 51.5+1 33.8+0.8 8.410 7+0.7 97.7+0
50 29.4+0.3 52.9+0.6 34.8+0.4 8.3+0 6.2+0.1 96.1+0.3
100 28.1+0.2 52+0.5 34.1+0.4 8.2+0 6.2+0.1 97.8+0.9
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