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Abstract

Climate change is projected to have a negative impact on biodiversity over the
next century. Similar drivers of change have been observed in the geological past and
were also associated with loss of species, particularly in the marine environment. This
research uses the common ragworm Hediste diversicolor as a model organism to
investigate the physiological and ecological impacts of changing temperature and pH
on hardy, benthic species. H. diversicolor is a keystone species in estuarine habitats in
Europe and North America and their bioturbating activities likely have a crucial effect
on ecosystem functioning. Here we demonstrate that future pH and temperature
conditions will impact the chemosensory abilities of H. diversicolor as well as the
production of mucus and oxygen-sediment penetration. These results indicate that
projected future climate change could have population level impacts on H. diversicolor.
Additionally, the changes in mucus production and oxygen penetration identified here
may alter the rate of nutrient cycling and sediment cohesion with potential ecosystem
level effects. The complex behavioural, ecological and physiological impacts of pH and
temperature change identified in this research can also contribute to the understanding
of kill mechanisms that led to the extreme mass extinctions observed in the geological

past.
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Synopsis

Increasing concentrations of greenhouse gasses released to the atmosphere since
the late 19" century have led to an increase in global mean surface temperature of
1.09°C (Bindoff et al., 2019). Marine environments have experienced a global mean
increase in sea surface temperatures of 0.88°C (Bindoff et al., 2019). Rising levels of
atmospheric CO> since pre-industrial times has had a corresponding impact on ocean
pCO:> (Portner et al., 2019). The pH of the world’s oceans has decreased by a mean of
0.1 and a further decrease of up to 0.32 by 2100 is predicted by IPCC modelling (IPCC,

2013b, Portner et al., 2019).

In the geological past, periods of environmental and climatic change have been
causally linked to each of the greatest mass extinctions in the fossil record. The
Permian-Triassic mass extinction (PTME) was particularly severe in the marine
environment, manifesting as the extinction of more than 90% of marine species (Erwin,
1994). During this period burrowing infauna populations reduced dramatically and
eventually burrowing habitat was replaced by microbial mudflats (Cribb and Bottjer,
2020, Pruss et al., 2006). The PTME was not confined to oceanic taxa, there was also
a profound effect on terrestrial ecology. The Permian Triassic boundary was marked by
a transition from diverse seed ferns to low diversity conifers and lycopsids. The ‘coal
gap’ that begins in the late Permian (~250Mya) and continues to Mid Triassic
(~243Mya) is indicative of the loss of peat-forming plants during this interval
(Retallack et al., 1996). Variation in paleosols (fossilised soils) from Antarctica indicate
a transition to low-productivity ecosystems with high proportions of stress-tolerant

opportunistic plants during the EPME (Retallack & Krull, 1999). Loss of coniferous
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vegetation in Europe also led to a degraded ecosystem where lycopsids dominated for

ca. 4-5My (Looy et al., 1999)

Temperature and postulated ocean pH changes during this period were likely
driven by large scale volcanic activity in the Siberian Trap large igneous province (LIP)
(Courtillot and Renne, 2003), (Bond and Grasby, 2017, Wignall, 2001, Wignall et al.,
2009). The total CO> release from Siberian Traps LIP has been estimated at 30,000 Gt
(Courtillot and Renne, 2003). Anthropogenic CO> input to the atmosphere currently
stands at about 37 Gt per year. At current levels of emissions, it would take around 800
years for humans to input the same mass of CO2 into the atmosphere as was generated
by 0.9 million years (My) of Siberian Traps volcanism (Courtillot and Renne, 2003,

Bond and Grasby, 2017).

Boron isotope analysis suggests that late Permian ocean pH reduced by 0.7 pH
in ca. 10,000 years and temperatures increased by 8°C in low-latitude surface waters
(Clarkson et al., 2015). Although these figures are more extreme than the conditions
predicted by the end of this century by the IPCC, the timescales are much longer,
suggesting a slower rate of change (Clarkson et al., 2015). Understanding the
mechanisms driving population decline and extinction in marine benthic species can
help clarify whether the same forces that led to extreme mass extinction observed
during the Permian-Triassic period could generate a similar biotic response in the

coming centuries.

Burrowing estuarine organisms are generally considered to be resilient to the
impacts of climate change thanks to the buffering effects of living in sediment as well
as their being evolved to cope with regular exposure to pH, salinity and temperature

fluctuations (Garcia et al., 2018a, Garcia et al., 2018b). This project uses the common
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ragworm (Hediste diversicolor) as a model organism to investigate some of the drivers
of climate change induced extinction and ecological change. H. diversicolor are
abundant throughout Europe and North America and their bioturbating activities have
a crucial effect on ecosystem functioning (Scaps, 2002, Fang et al., 2021, Gogina et al.,
2020). The burrowing, bio-irrigation and associated sediment re-working of H.
diversicolor has led to their being classed as a keystone species and it has been
suggested that the feeding of this species acts as a rate-limiting step in estuarine detritus

processing (Moreira et al., 2006, Mermillod-Blondin et al., 2005).

Focusing on the impacts of pH and temperature, this project investigates how
changes in the marine environment effect chemical communication, burrow oxygen

dynamics and mucus production.

Chemical Communication

Chemical cues are common in the marine environment and are utilised by a
myriad of organisms to signal a range of processes including sensing the presence of
food and predators (Ashur et al., 2017, Hay, 2009). Here behavioural response of H.
diversicolor to multiple synthetic chemical cues under present and future ocean pH and
temperature scenarios is investigated. The experiments demonstrated for the first time
that that glutathione (GSH) and dimethyl sulphide (DMS) appear to act as a food cue
for H. diversicolor. This was also the first time that urea has been observed acting as a
predator cue. In addition, this is the first time worms have been observed with varied,
and in some cases opposite, responses to chemical cues over a range of pH conditions.
The pH and temperature conditions also affected the concentration of chemical cue
required to elicit a response as well as impacting the strength of the response to the cue.

This could be due to physiological changes in the ragworm or chemical alterations to

22



the cue molecules in the different pH/ temperature conditions. The pH was found to
affect the response of ragworms to chemical cues that are known to alter their
protonation state across the pH conditions tested (pH 7.3 and pH 8.1) which suggests
that the conformational change induced in these chemical cues’ molecules is
contributing to altered response levels, potentially by reducing the binding potential
between the cue molecule and the associated receptor protein. Urea caused a significant
reduction in response compared to the control only at pH 8.1, 18° C, suggesting that it
is acting as a predator cue in these conditions. These results suggest that the ability of
H. diversicolor to respond appropriately to food and predator cues is impacted by pH
and temperature. Higher concentrations of cue are required to elicit a response at
reduced pH for DMS, taurine and GSH. Higher temperatures were generally associated
with higher levels of activity which may be linked to increased metabolic stress causing
higher foraging drive. Response to predator cues is altered at different temperatures and

pH all of which has the potential to effect survival in future ocean conditions.

Sediment-oxygen Dynamics

Oxygen planar optodes were used to investigate the impact of water temperature
and water pH on in-burrow oxygen levels and oxygen penetration depth using H.
diversicolor. In-burrow oxygen levels were highly variable over a 12-hour period, with
some burrows being vacated for short periods leading to a rapid decline in O levels.
Even when burrows were uninhabited for short periods, in-burrow oxygen levels
remained above those of the surrounding anoxic sediment. Warmer temperatures (22°C)
led to slightly higher oxygen ratios (in burrow O2: surface water O2) which may be
linked to increased O requirements by H. diversicolor in these conditions triggering an
increased ventilation effort. At pH 7.3 and pH 8.1 the oxygen ratio was reduced
suggesting lower ventilation effort and/or reduced oxygen demand by the worms.
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Oxygen penetration depth into surrounding sediments reduced with declining pH and
temperatures. These results indicate that future climate conditions may cause an
decrease in the sediment oxic zone, which in turn may cause alterations in aerobic

respiration and organic matter breakdown in marine sediments.

Mucus Production

This project also investigated whether water pH and temperature have an impact
on the quantity and carbohydrate levels in the mucus produced by H. diversicolor with
a view to examine the impacts of future marine conditions based on these climate
change scenarios. The quantity and quality of mucus produced might impact the
presence and diversity of microbiota, the penetration of oxygen into sediment
surrounding burrows and sediment cohesion. No significant difference in dry mass of
mucus was observed between pH 8.1 and pH 7.3 or between 18°C and 22°C, suggesting
that overall mucus production H. diversicolor may be unaffected by these conditions.
However, carbohydrate content was significantly lower in mucus produced at lower pH
and higher temperatures. This may be due to the energetic costs associated with
producing carbohydrates in more stressful environmental conditions. The results of this
study suggest that future climatic conditions will be associated with reduced
carbohydrate content in the mucus of H. diversicolor. Invertebrate mucus has been
linked to sediment microbiota and sediment carbohydrate content has been positively
associated with nitrification rates (Dale, 2019a, Dale et al., 2019). Both microbial
community composition and nitrogen cycling could be affected in future climate

scenarios.
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Summary

The results of this project provide evidence that the impacts of climate change
will lead to increasing energetic costs with the potential to drive population declines in
H. diversicolor. Similar mechanisms may have contributed to the extreme declines
observed during past mass extinctions. The Permian-Triassic mass extinction was
associated with similar levels of pH and temperature change as those predicted for the

end of this century.

This work highlights that benthic invertebrates, although hardy to short-term
environmental fluctuations, are vulnerable to climatic change. The results not only
highlight impacts of pH and temperature change, which could have population level
effects on the keystone species H. diversicolor, but also some of the potential knock-
on ecosystem level impacts that may occur. In the past, similar levels of climatic
change, over longer timescales have been associated with mass extinction events in the
marine environment. The complex behavioural, ecological and physiological impacts
of pH and temperature change identified in this research can contribute to the
understanding of kill mechanisms that led to the extreme mass extinction observed
during the Permian Triassic period as well as contribute to our understanding of, and

therefore our response to, the modern phase of environmental change and extinction.
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1.0. Introduction and Literature Review

1.1. Mass Extinction

Modern-day anthropogenically induced climate change is causing reduced
ocean pH, increased surface water temperatures and associated anoxia (IPCC, 2013b,
Portner et al., 2019, IPCC, 2022) although the long term impact is difficult to quantify
and is heavily dependent on human responses to the crisis (Howarth and Viner, 2022,
IPCC, 2022). It is becoming apparent that Earth is undergoing a mass extinction event
with current extinction rates up to 1000 times higher than natural background rates and
future projections of 10,000 times the natural rate (De Vos et al., 2015). The geological
record contains evidence of the consequences of a variety of climate change events,

which hold potential for evaluating the drivers of our current extinction crisis.

Mass extinctions are typically described in terms of either rate of extinction per
unit time or total magnitude of extinctions (Sengor et al., 2008). Increasingly, research
is identifying modern extinction of species (Pereira et al., 2010, Spalding and Hull,
2021); however, documented numbers are likely to be underestimates due to difficulties
in recording formal species descriptions as well as confirming species extinction
(Barnosky et al., 2011b, Dirzo and Raven, 2003, Ceballos et al., 2015). Despite this
difficulty it is becoming apparent that modern day extinction rates are orders of
magnitude higher than the expected background rate (De Vos et al., 2015, Pimm et al.,
2006, Pimm et al., 1995, Barnosky et al., 2011a, Ceballos et al., 2017). In the marine
environment, calcifying organisms are particularly susceptible to the impacts of climate
change due to reducing pH and aragonite saturation (see Figure 1.1 A) (Reddin et al.,
2020, Penn and Deutsch, 2022). Additional factors such as eutrophication, and hypoxia
in aquatic environments, as well as habitat loss and fragmentations for both aquatic and

terrestrial environments are all contributing to modern extinction rates (Barnosky et al.,
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2011a). Species found at higher latitudes are considered to be more susceptible to
extinction due to increased impact of climate change in these regions (Figure 1.1 B)

(Penn and Deutsch, 2022).
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Extinction events are marked by widespread reductions in macroscopic
biodiversity and act as drivers of major and large scale evolutionary change (Shen et
al., 2011, Song et al., 2014, Song et al., 2013). Mass extinction events include the five
most severe extinction events found in the geological record plus the present day
extinction (See Figure 1.1 C). The Permian-Triassic Mass Extinction (PTME), which
occurred ~252.28Ma, is the most severe extinction event in Earth’s history, and it
profoundly altered marine ecosystems (see Figure 1.2) (Shen et al., 2011; Song et al.,
2013). A review of extinction events over the past 300My by Honisch et al. (2012)
identifies the Permian-Triassic Mass Extinction, along with the Paleocene Thermal
Maximum and the Triassic-Jurassic mass extinction, as the most analogous to the
present day mass extinction. This study based comparisons around: massive CO-
release, pH decline and aragonite saturation decline (Honisch et al., 2012). Using such
analogues, the impacts of future relevant stressors on ecosystems can be tested via
comparison to past events; however, to do so, the degree of severity of the stressors that

caused the extinction must be unequivocally identified (Honisch et al., 2012).

Modern-day rates of CO> release are significantly higher than during the PTME
(annual carbon release of 9.9PgC today compared to approximately 0.1 to 1PgC in the
Permian Triassic interval) (Honisch et al., 2012). The rate of carbon release can have
profound implications on ocean carbonate chemistry (Bates et al., 2014). Slower rates
of CO2 emission to the atmosphere lead to a more limited response in CaCOs saturation,
potentially causing a very different biotic response, with less harmful effects on
calcifying organisms (Honisch et al., 2012). Although some data suggest that the second
phase of the PTME was more extreme and as such CO: release rates may have been
significantly higher (and therefore closer to today's rates), there is no perfect analogue

for modern climate change (Song et al., 2014, Honisch et al., 2012).
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Figure 1.2: A) Low latitude warming in the Permian Triassic and B) Palaeocene Eocene
boundaries. Modern sea surface temperature range is shown in green. Red dotted lines
show upper median thermal limits for modern marine fauna. Blue panel shows
duration of Permian Triassic mass extinction. Yellow circles show Palaeocene-Eocene
sea surface temperatures (based on 6180, Mg/Ca and TEX-86 proxies). Red
diamonds shows equatorial sea surface temperatures (from biomarker
paleothermometry), showing a temperature increase of ca. 13°C  warming in
equatorial ocean temperatures during the 500,000 years leading up to the

Permian-Triassic boundary (or 2.6°C per 100,000 years) (Bond and Sun, 2021).

Attempting to elucidate the effects of modern climate change is difficult because lab
and field experiments are restricted in complexity and duration. Geological records,
however, provide long-term data on extinction events and it is plausible that a mixture
of experimental biology and geological records can provide novel insight into the
mechanisms and outcomes of climate change scenarios. For example an experiment by
Benca et al. (2018a) recreated a common pollen mutation found in the bisaccate
gymnosperm pollen in the Permian by exposing the dwarf pine (Pinus mugo) to
increased levels of UV-B radiation. During the PTME, ozone-depleting aerosols led to

increased levels of UV-B (Beerling et al., 2007; Seddon et al., 2019). In a recent study
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using evidence from experiments on the effects of acidic settings on modern day
gastropods, Foster et al. (2022) illustrated that a hypothesised globally acidic ocean
during the Triassic is unlikely due to a lack of deformities and repair marks found in
Triassic Hindeodus parvus Conodont Zone bivalves and gastropods. This study could
not rule out acidification events prior to or during the Permian-Triassic extinction,

however, the level of acidification did not impact calcification of the fossils examined.

1.2. Ocean Acidification and Climate Change in the Marine Environment

In 2011, the concentrations of greenhouse gases in the atmosphere (CO2, CH4
and N2O) exceeded records from ice cores spanning the past 800,000 years (IPCC,
2013b, IPCC, 2022). While the uptake of CO- by surface oceans reduces the levels of
atmospheric CO2 concentrations and mediates climate change somewhat, it is having a
significant impact on ocean chemistry. The input of anthropogenic CO: into the
atmosphere enters the ocean as dissolved inorganic carbon (DIC); not only does this
cause hypercapnia, but it also creates more acidic conditions (increased [H*]) via the

following equation (Doney et al., 2009):

CO; + H20= HoCOs= HCO3 + H*'= COz% + 2H*

The addition of dissolved CO- to the ocean leads to an increase in carbonic acid
(H2CO3) concentrations, shifting the equilibrium toward the right-hand-side of the
equation. This carbonic acid then dissociates to form H* ions (also called protons)

along with bicarbonate (HCOs") and carbonate ions (COs%). The increased [H']

reduces pH (pH= -logio[H]). Carbonate ions tend to react with the increased
concentrations of H" ions, reducing carbonate ion concentration in the ocean (Doney

et al., 2009).
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In addition to the changing ocean conditions linked to anthropogenically
induced climate change, ocean ecosystems are subject to natural daily and seasonal
fluctuations (Vargas et al., 2022). Algal photosynthesis and respiration cycles drive
COo, O2 and pH fluctuations in coastal habitats with freshwater discharge and coastal
upwellings causing temporary reductions in salinity and pH (see Figure 1.3) (Vargas

etal., 2022).
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Figure 1.3: Natural fluctuations in pCO; in coastal and ocean systems. A) Daily cycle
caused by the photosynthesis-to-respiration ratio in coastal intertidal, subtidal and
kelp forest habitats. B) Temporary, short term low alkalinity/low salinity and high pCO;
conditions caused by freshwater runoff. C) Upwelling of high-pCO, water on a seasonal
basis for periods of days/weeks in temperate regions. D) Open oceans have more
stable pCO; with gradual longer term (decadal) changes caused by ocean acidification.

Taken from Vargas et al. (2022).
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Rising levels of atmospheric CO: since pre-industrial times and the
corresponding impact on ocean pCO> has caused a decrease in pH of 0.1 and a further
decrease of up to 0.32 by 2100 is predicted (see Figure 1.4) (Portner et al., 2019).
Because pH is measured on a logarithmic scale, this pH decline represents a 150%

increase in H* ions projected by 2100 (Orr et al., 2005).

Simulated and observed global 0-200 m ocean heat content change

Observations Historical RCP2.6 RCP8.5
3000
Ocean 200 Projections after 2005 combined into a
heat 2500 single ensemble with the historical simulations
content -100-
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Figure 1.4: Annual, global mean ocean pH since 1950 and modelled future change
based on two scenarios: RCP2.6 (blue) assumes a significant decline in greenhouse
gas emission after 2020, RCP 8.5 (red) assumes that emissions will continue to
increase through the 2100s (IPCC, 2022). Inset: Time series of upper 200m ocean heat
content change in ZJ relative to 2000-2010 average. Observations are shown in
magenta and simulated historical values are shown in tan. Projections show RCP2.6

in blue and RCP8.5 (Bindoff et al., 2019)

This alteration in ocean chemistry affects marine life through a variety of
mechanisms. A significant example of this is the impact of reduced CaCOs availability
on calcifying organisms, which require calcium carbonate to form skeletons, or shells
(e.g. Kleypas and Langdon, 2006, Fabry et al., 2008). Increased CO; absorption into
the ocean acts to reduce the saturation state (2) of CaCO3 by increasing its solubility in

the more acidic environment (Doney et al., 2009). This increased solubility reduces
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CO3? availability and causes reduced calcification rates in a range of organisms (e.g.
Kleypas and Langdon, 2006, Fabry et al., 2008, Cohen and Holcomb, 2009, Gattuso
and Buddemeier, 2000). More recent work has identified contradictory evidence
suggesting that many calcifiers are tolerant to near-future ocean acidification (Leung et
al., 2022). A meta-analysis of 985 research papers found that 70% of observation of
growth and calcification were non-negative suggesting that many species may have the
capacity for acclimation (Leung et al., 2022). Earlier studies appear to
disproportionately focus on deleterious impacts with a bias toward short term exposure
(e.g. Marubini et al., 2003, Riebesell et al., 2000, Cornwall et al., 2013). There is
mounting evidence that show resilience to ocean acidification. For example, after a 12
week exposure the foraminifera species Baculogypsina sphaerulata, Calcarina
gaudichaudii and Amphisorus hemprichii either maintained or increased their shell
diameter at 770 patm CO; following 12 week exposure (Fujita et al., 2011). Another
example from a study by Melzner et al. (2011) on Mytilus edulis exposed to pH 7.7 for
seven weeks showed normal shell growth and no shell dissolution. A more recent
example from research by Leung et al. (2020) shows the gastropod Austrocochlea
concamerata are able to maintain shell organic matter content, crystallinity and body
condition 940 ppm CO>. The ability of some calcifiers to maintain calcification in
acidified conditions suggests that seawater carbonate chemistry is not strongly
associated with calcification (Leung et al., 2020). Calcifying organisms can create
localised optimal alkaline condition for precipitating CaCOs minerals at the
calcification site, in addition, CO3>~ from seawater is not utilised directly, but HCO*"
or metabolically-produced CO> which may mean that seawater carbonate saturation

state in not a key limiter for calcification (Leung et al., 2020).
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Figure 1.5: A) Projected sea surface warming per century by depth (graph) and by
global distribution (map) B) Spatial distribution of simulated change in surface pH,
upper 100 m for the period 1900 to 2100 (map) and timescale of uncertainty
percentage in projections (graph). From Bindoff et al. (2019).

Increasing global temperatures also have an impact on marine ecology with
increasing ocean surface temperatures driving stratification, reduced O, and changing
biogeography (e.g. mobile species tend to move pole-wards as temperatures increase in
search of cooler waters. See Figure 1.5 and 1.6)) (Bindoff et al., 2019). Marine
heatwaves, during which temperatures reach the top 1% of recorded conditions (based
on the period between 1982 and 2016), have increased in frequency and duration since
the 1980s and are likely to continue to increase to the end of the 21% century (Collins
M., 2019). Rising temperatures have a myriad of complex effects on marine organisms

with overall trends for coastal ecosystems being habitat contraction, migration and
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reduced biodiversity and functionality (Bindoff et al., 2019). Ocean warming has
increased the pace of coral degradation with more frequent bleaching events occurring
since 1996 (Bindoff et al., 2019). Increased temperature has also been found to alter
habitat preference for some freshwater larval species (Edeline et al., 2006), but there
are no such studies in marine species (Nagelkerken and Munday, 2016). Higher
sensitivity to pollutants, such as heavy metals, have been correlated with exposure to
higher temperatures in some marine invertebrates (e.g. Heugens et al., 2001, Lu et al.,
2018, Holan et al., 2019). However, the compound effect of temperature was found to
mitigate the negative effect of pH on egg masses of two intertidal mollusc species
(Davis et al., 2013). Early life stages (embryos, larvae and juveniles) are more
susceptible to temperature increases in marine species, however, even in adult organism

temperature extremes are associated with increased mortality (Pandori and Sorte, 2019).
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Figure 1.6: A) Open ocean time series showing historical global mean sea surface
temperature (tan) and projected global mean sea surface temperatures based on
RCP2.6 (blue) and RCP8.5 (red). Projections are mapped on to colour bars showing
assessment of habitat risk ranging from very high in purple to undetectable in white.
Asterisks adjacent to bars show confidence levels (****= very high, ***=high,
**=medium, *=low) B)Level of risk associated with climate change in coastal
ecosystems ranging from very high in purple to undetectable in white. Asterisks
adjacent to bars show confidence levels (****= very high, ***=high, **=medium,
*=low) (Bindoff et al., 2019).

The common ragworm (Hediste diversicolor) is used as a model organism in
this study. Increased temperature has been found to reduce feeding rate and exacerbate
the negative effects of pH on: regenerative capacity, survival, oxidative stress and
burrowing behaviour in H. diversicolor (Bhuiyan et al., 2021). Oxygen consumption
increases with temperature in H. diversicolor and some studies have found that growth
rate is faster at higher temperatures (Galasso et al., 2020). Studies on similar species,
such as a study by Widdicombe and Needham (2007) on the polychaete Nereis virens
found that elevated CO2 had no impact on burrow size or density but was associated
with increased nitrate uptake and increased ammonium release. Research by Godbold
and Solan (2013) highlight the importance of long-term experiments and consideration
of the complex temporal fluctuations in natural systems when forecasting ecological
consequences. This study on a polychaete species (Alitta virens) found that exposure to
elevated CO, and temperature led to varied responses depending on length of exposure

and seasonal fluctuations. Growth was the only variable that was reduced under

elevated COy, irrespective of duration of exposure (Godbold and Solan, 2013).
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1.3. Impacts on Marine Organisms

Ocean pH typically ranges from 7.7 to 8.2 with the highest pH occurring in the
summer at high latitude shallow waters and the lowest pH in very deep waters (Brewer
Peter et al., 1995). An in-depth study by Bates et al. (2014) suggests that the rate of pH
decline at higher northern latitudes is more variable and, therefore, difficult to predict.
For example, in the Irminger Sea off the coast of Greenland, pH is declining at almost
double the rate of decline in the Iceland Sea (-0.0026 yr™ versus -0.0014 yr?) (Bates et
al., 2014). Local variations in pH are driven by: influx of freshwater from rivers or
meltwater; diurnal cycles linked to photosynthesis and respiration of marine organisms;
nutrient input via rivers and outflows and associated algal blooms; local temperature
fluctuations; rate of surface water mixing linked to local weather conditions; tidal
cycles and upwellings (Hofmann et al., 2011). This patchy and regional acidification
will lead to some areas being more highly impacted. Tolerance to changing ocean
conditions varies between taxonomic groups and life stage as well as between
populations, with some being more tolerant to acidification, temperature or pollutants
than others (see Figure 1.7) (Doney et al., 2020). Complex interactions between
stressors along with behavioural change, phenotypic plasticity, acclimation and
adaptation makes for highly varied rates of sensitivity between different marine species
(Doney et al., 2020). This complexity also creates an experimental and analytical
challenge when attempting to test for the impacts of acidification (Doney et al., 2020).
However, the general trend for marine organisms is decreased survival, decreased

growth, reduced development and inhibition of calcification (Kroeker et al., 2013).
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Figure 1.7: Ratio of the mean effect of acidification treatment to mean effect in control

group (In RR) and ApCO2 (uatm). Grey squares are from experiment on eggs and larvae.
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Open squares are from experiments on juveniles and adults. Dash lines are 95%
confidence intervals (a) clams, (b) oysters, (c) gastropods, (d) sea urchins, (e)

crustaceans, (f) corals, (g) scallops, and (h) mussels. From Vargas et al. (2022)

1.3.1. Calcification Issues

The link between ocean acidification and reduced aragonite and calcite (CaCOs)
saturation was theorised in the 1970s (Fairhall, 1973) and the consequences of this on
calcifying organisms were discussed. Since then numerous laboratory and in situ
studies have concluded that calcification rates are reduced under biologically relevant
pH levels, including today’s average surface pH of 8.1 (Doney et al., 2009). Calcifying
organisms require the availability of calcium and carbonate in order to produce their
skeletal structures via active biomineralisation. The increase in dissolved inorganic
carbon in the ocean caused by anthropogenically produced CO: has reduced the
saturation state of CaCOs (Q2), which effectively reduces available ions for calcifying
organisms (calcification typically occurs at Q>1) (Doney et al., 2009). There is a range
of stark examples of this (e.g. Figure 1.8), including the complete loss of skeletal
structures in corals grown in pH7.4 water based on RCP8.5 scenarios for 2100 (Fine
and Tchernov, 2007, IPCC, 2013a, IPCC, 2013b). Due to the serious implications,
much research has focused on calcifying organisms and the likely implications reduced

calcification rates may have on fitness (Orr et al., 2005).

Figure 1.8: Photograph illustrating the dissolution of Limacina helicina when held in

seawater simulating the pCO2 concentrations in 2100, based on a ‘business as usual’
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(1S92a) scenario (IPCC, 2013, Orr et al, 2005). Image taken from
https://www.pmel.noaa.gov/co2/file/Pteropod+shell+experiment.

Despite these calcification issues there is emerging evidence that calcifiers are
tolerant to near-future ocean acidification (Leung et al., 2022). A meta-analysis of 985
research papers found that 70% of observation of growth and calcification were non-
negative suggesting that many species may have the capacity for acclimation (Leung et
al., 2022). Earlier studies appear to disproportionately focus on deleterious impacts with
a bias toward short term exposure (e.g. Marubini et al., 2003, Riebesell et al., 2000,
Cornwall et al., 2013). Resilience to reduced pH has been found to vary between species,
with experiments identifying positive, negative and zero net effects on calcification
rates (Ries et al., 2009). The ability to control the pH and carbonate ion concentration
of calcifying fluids at the calcification site in an organism has been proposed as the
underlying reason for this variation (Ries, 2011). Another possible explanation
highlighted in studies of echinoderms, mollusks, and scleractinian corals suggests that
calcification depends on the ability to tightly control intra or extra-cellular
compartments where precursors of crystalline aragonite or calcite are formed and grown
(Von Euw et al., 2017, Mass et al., 2017). The ability of some calcifiers to maintain
calcification in acidified conditions suggests that seawater carbonate chemistry is not
strongly associated with calcification (Leung et al., 2020). CO3*~ from seawater is not
utilised directly, but HCO* or metabolically-produced CO2, which may mean that
seawater carbonate saturation state in not a key limiter for calcification (Leung et al.,

2020).

1.3.2. Physiology and Larval Development

It is widely agreed that calcifying organisms are particularly susceptible to

reduced pH. However, physiologically speaking there is a range of under-researched
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stressors caused by acidification that suggest non-calcifying organisms will also be
impacted, although to what extent is under investigation (Portner et al., 2005). Harsher
conditions will have implications on the physiology of all multicellular marine
organisms (see Figure 1.9). Maintenance of acid-base balance between extracellular
body fluids (such as haemolymph or blood) and intracellular fluids will be affected by
increased water pH (Portner and Farrell, 2008). Typically, in lower marine invertebrates,
bicarbonate ions are used to neutralise acidosis of extracellular fluids associated with
reduced water pH (Portner and Farrell, 2008, Portner et al., 2004). Additional
mechanisms of acid-base balance include: metabolic consumption of protons and the
active transport of ions that are equivalent to protons out of cells (Michaelidis et al.,
2005). Increased concentration of protons can further influence key metabolites and
interfere with some enzymatic reactions if the substrates involved differ due to
protonation (Pértner and Bock, 2000). In addition, reduced water pH has been linked
to reduced metabolic rate and increased ammonia excretion in a number of species
(Michaelidis et al., 2005, Langenbuch and Pértner, 2002). Different organisms employ
different types of metabolic response based on length of exposure to stressors (Strader
et al., 2020). The upregulation of genes involved in lipid metabolism is observed in
many experiments involving long-term pCO: stress response in a variety of taxa
(Strader et al., 2020). All of these mechanisms are associated with energetic costs,
diverting resources from growth and reproduction (Pértner and Bock, 2000). Figure 1.9
below (Wittmann and Poértner, 2013) illustrates the range of effects that ocean

acidification can have on the physiology of marine organisms.

42



Ocean ’éI;I»I« : ,[CO32']I and £

lv?

Calcification rate

Ca? [pH, [COZ T, 2

pH and ion regulation

Respiration rate

i ! \F . . . . .
Shell/skeleton-forming tissue \-,El}helua (gills, gut and so on.) Skin, gills
Brain I Erc;th_ i
~ A
i . L
Neural control : i I [HCO;1, T
| Protein COs7J; TI
I ' synthesis \ |
y |4 v
| 7
bt Muscle | |5 - - MitochondrialI
| Gene \  processes |
Contraction |expression I\ | / :
rate and capacity ' \\ . I :
/
\ |
/*'\l \ /, | // |
AT —~l] Y ¥ ¥ v
I~ . lon
I Metabolic ; Blood
Tissues rate & SAEhauRe oxygen
I rate
| transport

Intracellular space I

Animal Extracellular space

I
I
I
I
I
I
I
I
I
L

Figure 1.9: Mechanisms by which increased ocean pCO2 can affect a marine organism.
From the water, CO; diffuses into intracellular and extracellular compartments
influencing the pH. This affects tissues, cells and physiological processes. The capacity
an organism has to alter ion regulation and acid-base regulation may be critical in
determining their ability to tolerate ocean acidification (Wittmann and Portner, 2013).

The larval and juvenile stages of invertebrates have been found to be
particularly vulnerable to OA. Calcifying larvae are at risk because they must produce
their initial shell in a relatively short period of time and with limited energy provisions
(Spalding et al., 2017). The impact on larvae of non-calcifying species is more difficult
to quantify. Locating appropriate habitat and avoiding predators is vital for successful
larval settlement. Larvae use olfactory, visual and auditory cues to aid in settlement
choice (Leis etal., 2011, Huijbers et al., 2012). Research on coral reef fish larvae shows

that all three of these sensory systems are impacted by acidification (Nagelkerken and

43



Munday, 2016). An example of this was demonstrated by Rossi et al. (2015) using
larval barramundi where reduced pH caused early metamorphosis, slower swimming

speeds and deterrence to auditory settlement cues.

Tolerance to reduced pH varies depending on life stage, with some species being
particularly sensitive at gamete, embryo or larval stage. For example, the coral-eating
crown of thorn sea star (Acanthaster planci) had significantly reduced sperm motility
under increased pCO- levels (900-1200uatm) causing reduced fertilisation rates and the
development of larvae also reduced significantly (Uthicke et al., 2013). In the stone
crab (Menippe mercenaria), reduced water pH (7.5 £0.05) caused a significant decrease
in hatching success and embryonic development compared to control embryos (held in
water of pH 8.0 £0.06) (Gravinese, 2017). Clements (2016) found that larval dispersal
increases when sediments are more acidic in the soft-shell clam (Mya arenaria),
potentially suggesting avoidance behaviour. Meta-analysis of the literature shows that
mollusc larvae are particularly vulnerable to more acidic conditions, however,

increased sensitivity at early life stages is not common to all taxa (Kroeker et al., 2013).

Temperature is known to impact development in marine invertebrates (Hoegh-
Guldberg and Pearse, 1995, Gangur and Marshall, 2020). Reduced larval development
times and smaller adults have been observed when temperatures were elevated in the
copepod Tisbe sp (Gangur and Marshall, 2020). Shorter development times can impact
the dispersal distances that are possible by larvae (Alvarez-Noriega et al., 2020).
Investigations into the effect of temperature on larval production have been species
specific with some species, such as Sphaerechinus granularis producing fewer larvae
at temperatures above their natural average (23 and 25°C), while others, such as
Arbacia lixula producing more(Garcia et al., 2018a, Garcia et al., 2018b). Generally,
intertidal species, such as H. diversicolor are considered to be robust to temperature
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fluctuations thanks to wide thermal tolerances associated with phenotypic plasticity

(Garcia et al., 2018b).

Reduced fertilisation and increased frequency of larval abnormalities have been
observed in Southern Ocean invertebrates exposed to increased CO», with growth rate,
feeding and behaviour being unaffected (Hancock et al., 2020). A further concern for
marine species is the ingestion of acidic seawater and the subsequent entry to the
digestive system (Melzner et al., 2020). This process has been linked to an inability to
maintain high pH in the gut due to ion balance systems becoming overwhelmed and
digestive efficiency was negatively affected because of this (Hu et al., 2017). Lower
feeding rates have been recorded in a range of calcifying marine organisms exposed to
increased pCO., a factor which may exacerbate the physiological costs of acidification

(Clements and Darrow, 2018).

Reproduction in H. diversicolor is mediated by photoperiod and temperature,
which allows synchronicity of spawning (Wang et al., 2020a). However, a thermal
shock of +10C for one week induced spawning in H. diversicolor (Nesto et al., 2018).
Wang et al. (2020b) found that embryonic development rate speeds up when
temperatures increase from 6.1 to 21.2°C. The reduced time spent in embryonic phase
can have impacts later, such as lower adult size (Wang et al., 2020).

1.3.3. Chemical Communication

An understudied impact of ocean acidification is the alteration that increased
[H*] will have on the perception of dissolved chemical cues. Chemical communication
is the oldest form of communication and, for some marine organisms, it is the only form
of communication (Hay, 2009). Dissolved chemical cues in the marine environment
have been found to influence: settlement; reproduction; foraging; predator avoidance;
metamorphosis; conspecific interactions (Ashur et al.,, 2017, Hay, 2009). The
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concentration of a chemical cue can be used by an organism to assess proximity to the
source or number of organisms present. Reduced pH can alter the charge density and
even the conformation of molecular cues via protonation, which has the potential to
reduce their effectiveness or render them ineffective (Roggatz et al.,, 2016).
Alternatively, it is possible that neurotransmitters or receptor molecules themselves
alter under reduced pH, making reception of chemical cues much less effective (Chivers
et al., 2014). Work by Chivers et al. (2014) illustrated that impairment of
neurotransmitter function under near-future CO2 scenarios inhibited the ability of

damselfish to learn predator identities.

In turbid environments, where visual input is limited, dissolved chemicals can
be the most important form of communication (Poulin et al., 2018). Primary metabolites
such as amino acids, sugars and proteins are purported to act as chemical cues for
generalist consumers and there is some evidence to suggest that the ratios of these
specific compounds provide information about the source producing it (Hay, 2009,
Derby, 2000, Kicklighter et al., 2011). In the lab, behavioural studies using natural
products such as fish mucus have been more successful than studies that use individual

peptides, pointing towards the importance of blends in chemical cues (Hay, 2009).

Specific chemical foraging cues are notoriously difficult to pinpoint and it is
possible that different species interpret chemicals in different ways (Abreu et al., 2016,
Chivers and Smith, 1998, Crane et al., 2022). Early studies identified taurine, beta-
alanine, glutathione and trimethylamine as potential feeding cues due to the feeding
response elicited in the common gulf-weed shrimp (Leander tenuicornis) (Johnson and
Atema, 1986). Certain scavengers have been found to move towards the source of

trimethylamine, essentially using the compound as a food cue (Brown, 2001). Dimethyl
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sulphide (DMS) has been recognised as an attractant for procellariform seabirds and
this is linked to its release when zooplankton feed on phytoplankton blooms (Nevitt,
2008). Further work has identified DMS and the related compound
Dimethylsulfoniopropionate (DMSP) as a feeding cue for some reef fish, harbour seals
and possibly whale sharks (DeBose et al., 2008, Kowalewsky et al., 2005, Martin, 2007).
Chondroitin sulphate has been suggested as a predator kairomone for some prey species.
Cohen and Forward Jr (2003) found that concentrations of 10°M of chondroitin
sulphate A disaccharides increased larval response to shadowing (a predator avoidance
response) in estuarine crab larvae (Rhithropanopeus harrisii). Further tests indicated
that acetyl-amine containing amino-sugar disaccharides were responsible for this

increase in sensitivity to shadowing (Cohen and Forward Jr, 2003).

The complexities of how chemical communication may be hindered in a more
acidic ocean and the knock-on effects this might have on populations and community
structure is in need of further study. Few feeding cues are fully characterised and this
inhibits the ability to conduct in depth studies. In addition, the variability in perception
of a cue both within and between species tend to plague behavioural studies with varied

responses from organisms (Mutalipassi et al., 2020).
1.3.4. Sensory Systems of Marine Invertebrates

Typically invertebrate chemosensory organs are made up of bipolar neurons
with cilia at one end and an axon leading to the central nervous system at the other end

(Figure 1.10) (Kamio and Derby, 2017).
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Figure 1.10. A typical invertebrate olfactory sensillum (Vosshall and Stocker, 2007).

Ciliated cells are responsible for collecting a range of sensory information in annelid
worms, including visual and chemoreception (Mill, 1978). These ciliated cells may
occur in isolation or bunched in groups to form sensory organs such as the nuchal
organ (Mill, 1978). Chemoreception is typically considered to be a function of the
nuchal organ and histological, structural and positional studies appear to confirm this
(e.g. Whittle and Zahid, 1974; Storch and Schlotzer-Schrehardt, 1988; Rhode, 1990;
Purschke, 1997). Other than the nuchal organ, several other chemosensory structures
have been described in polychaetes such as; epidermal papillae found in Arenicola
marina (Jouin et al., 1985) and parapodial cirri in nereidid polychaetes (Boilly-Marer,
1972). Compound sensory organs on the prostomial cirri have been identified in
Hediste diversicolor (Dorsett and Hyde, 1969). These prostomial cirri are encased by
the epicuticle the surface of which contains a large number of which extend through
the cuticle into the surrounding environment (Dorsett and Hyde, 1969). The

chemosensory systems of marine invertebrates
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Polychaete worms such as Hediste diversicolor have a variety of ciliated cells
which are organised into organs such as the apical or nuchal organ (Kamio and Derby,
2017). Nerves from the nuchal organ generally lead directly to the posterior section of
the brain (Beesley et al., 2000) (Figure 1.11). Although physiological responses of
chemoreceptors to chemical cues has been observed in polychaetes, very few studies
have successfully demonstrated behavioural response to chemical cues (Kamio and

Derby, 2017). Mechanoreceptor cells also allow relevant sensory input when foraging.
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Figure 1. 11: Anterior section of a typical nereidid showing sensory and circulatory

features. Buc = buccal organ; dbv = dorsal blood vessel; ibv = intestinal blood vessel;
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lant = lateral antenna; Ibv = lateral blood vessel; nep = nephridium; nuc = nuchal
organ; oeg = oesophageal gland; oes = oesophagus; palp = palp; par = parapodia; per
=peristomium; pros = prostomium; sep = septum, tci = tentacular cirri; vbv = ventral
blood vessel (Beesley et al., 2000). b) Schematic of the overview of the supageal
ganglion within the head of Hediste diversicolor. Prostomial tentacles (pt), parts of
the tentacle nerves (tn), central neuropil region (cn), muraesophshroom bodies (mb)
are efferents from the anterior (ae) and posterior eyes (pe) fuse to form the optic

neuropil (on), palps (pa), prostomial cirri (pc), palpal nerve (pn)

Being soft bodies, polychaetes are under-represented in the fossil record (Rouse
and Pleijel, 2001). The earliest unequivocal polychaete fossils date from the mid to late
Cambrian era (~520mya) and were found in the Burgess Shale formation (Conway
Morris, 1979). Burgessochaeta setigera fossils have clear parapodia and elongate
capillary chitae. More recently a new polychaete species, found in China has been
characterised and shows startling similarities to modern species (Figure 5.3 below) (Liu

etal., 2015).
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Figure 1. 12: Schematic of the Holotype of Guanshanchaeta felicia gen. et sp. nov.
polychaete from Cambrian-era fossils found in China. Showing all characteristics of
the specimen: Segments are numbered 1, 2, 3. ac acicula, bs bifid struture, bt buccal
tube, ch chaetae, nopod. notopodium, nupod. neuropodium, noch. notochaetae,

nuch. neurochaetae, ph pharynx, sed. sediment, tt. Tentacle (Liu et al., 2015).
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Polychaetes do not fossilise well and are under-represented in the fossil record.
Despite this, where fossilisation has occurred similarities in behaviour and physiology
can be identified between modern day species and those from the geological past (see
Figure 1.12). It is therefore conceivable that changing climatic conditions during past
mass extinction events could have been exacerbated in the marine environment by some
of the more subtle impact, such as the alteration in ability to identify food or predator
cues. Chemical communication is the oldest form of communication and species living
in marine environments are particularly reliant on it. It is therefore possible that
impairment of chemical communication could have contributed to extinctions during
the Permian-Triassic mass extinction, which was especially damaging to marine
species. In this project, relatively minor fluctuations in pH and temperature (pH7.3 to
pH8.1) were found to have a significant impact on H. diversicolor’s ability to identify

chemical cues.

1.3.5. Growth rate and Mortality

Growth rate in juvenile H. diversicolor has been found to range from 0.03 to
0.1mm per day (Méller, 1985, Chambers and Milne, 1975). Worms smaller than 12mm
were found to have increasing growth rates with increasing size (Heip and Herman,
1979, Mdller, 1985). Oocytes were found to grow faster at 5°C, with a negative growth
rate at 15C for a population in the west of Sweden (Modller, 1985). Growth and
regeneration in juvenile Nereididae is promoted by the hormone Nereidine which is
secreted by the supraoesophageal ganglion (Lawrence and Soame, 2009). Nereidine
inhibits sexual maturation, but declines in concentration with age leading to reduced

growth and the onset of sexual maturation (Durchon and Porchet, 1971, Lawrence,
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1996). Nereidine also promotes the uptake of the yolk protein vitellin by developing

oocytes in H. diversicolor (Lawrence and Soame, 2009).

Reduced growth rates have been observed in a range of marine organisms exposed to
elevated CO, (e.g. Sokolova et al., 2012, Dorey et al., 2013 and see Figure 1.11) and
it has been proposed that reduced extracellular pH (exacerbated by reduced water pH)
causes metabolic rate depression and lower growth rates (Michaelidis et al., 2005).
However, further research is required in order to determine if extracellular pH,

extracellular pCO: or extracellular bicarbonate are responsible (Melzner et al., 2020).
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Figure 1.13: The impact of [CO2 ] ( ppm) on the biomass (g, mean+s.e.) of Alitta

virens under ambient temperature conditions (Godbold and Solan, 2013).

1.3.6. Multi-stressor Effects: Temperature and Pollution

Increasing temperature is a recognised effect of climate change and this,
combined with ocean acidification can cause cumulative impacts on survival,
reproduction and physiological processes of marine organisms (Gunderson et al., 2016).
The confounding effect of multiple stressors on organisms is something that has been

highlighted over the past few years. For example, it is predicted that larvae will respond
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to warming by reducing their Pelagic Larval Duration, however, ocean acidification
slows larval development in some species (Dupont et al., 2010, Gazeau et al., 2013).
Theoretically, combinations of stressors can have additive, antagonistic or synergistic
impacts of an organism and studies have been conducted that provide examples of each
of these (Gunderson et al., 2016). A meta-analysis of the literature by Przeslawski et al.
(2015) indicated that synergistic effects are the most common impact of multiple-

stressors.

Increasing ocean temperatures may lead to ocean hypoxia (O deficiency),
which can catastrophically alter ecosystems, driving mortality and altering
biogeochemical cycles (Conley et al., 2009). Rising ocean temperatures creates
increased stratification and reduced ventilation (due to declining upwelling and reduced
mixing) (Shepherd et al., 2017). In addition, oxygen is less soluble at higher
temperatures and therefore oxygenation levels in surface waters will reduce (Shepherd
et al., 2017). Influxes of pollutants into the oceans via runoff, particularly in coastal
areas will have a profound effect on ocean chemistry as well as marine organisms.
Nutrient-rich runoff can exacerbate pH fluxes causing temporary pH extremes
(Gravinese, 2017). Lower oxygen levels are also heavily influenced by eutrophication
and nutrient input. The input of excess nutrients increases the rate of oxygen
consumption via the decomposition of organic matter (Conley et al., 2009). Algal
blooms caused by the input of excess nitrogen and phosphorous (often from
anthropogenic sources such as agricultural fertilizer runoff) create anoxic and more

acidic conditions leading to ‘dead zones’ (Ngatia et al., 2019).

Although multi-stressor studies are increasing, there remain significant gaps in
the literature. Figure 1.12 highlights the focus of multi-stressor studies in the marine
environment (Gunderson et al., 2016).
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Figure 1.14: Approximate number of studies conducted on marine organisms exposed

to multiple stressors from a 2015 review paper by Gunderson et al. (2016).

The presence or absence of multiple species can alter an organism's response to
abiotic stressors such as temperature and pH. Evidence suggests that predictability of
species response to ocean acidification and warming reduces when testing multispecies
systems (Kroeker et al., 2013). While small scale experiments identify causality and the
associated mechanisms for individual species, such experiments are a simplification of
natural systems and fail to tackle community-level or ecosystem-level impacts of
climate change (Stewart et al., 2013). Mesocosm experiments combined with modelling
offers scope to investigate the more complex responses of ecosystems to the impacts of
changing climates (Stewart et al., 2013). In situ studies in areas with naturally high
levels of CO2 (such as hydrothermal vents) have provided interesting results, however
the fact that such sites are atypical along with the inability to control all variables in
situ bring into question the validity of these results (Stewart et al., 2013). However, the

vents at the Castello Aragonese on the island of Ischia, Italy have been the focus of a
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wealth of studies due to the presence of future-relevant [CO,] gradients and little

evidence of the presence of toxic substances (Foo et al., 2018). At the Ischia vents,

investigations of the species occurring along the pH gradient show that decreased pH
Is associated with a reduction in calcifying species, mirroring the trends seen at other
vent systems and in laboratory studies (Foo et al., 2018). Species at this site that inhabit
areas with near future conditions (mean pH 7.8) exhibit a range of physiological and
ecological mechanisms for acclimatisation and adaptation to low pH, illustrating
resilience of many species to elevated CO2, including many calcifying species (Foo et
al., 2018). Despite this, species assemblages are likely to become dominated by fleshy
algae and smaller-bodied, generalist invertebrates as the oceans acidify to pH levels

below 7.8 (Foo et al., 2018).
1.3.6. Energetic costs of climate change

Portner et al. (1998) investigated the energetic impact of elevated CO2 on the
marine annelid Sipunculus nudus. Elevated pCO2 (to 1% CO2 in air) led to a decrease
in both intra and extracellular pH, with intracellular pH quickly returning to normal at
the expense of extracellular acidosis. Extracellular space was partially compensated via
the expulsion of protons to surrounding water during prolonged exposure to
hypercapnia (Portner et al., 1998). Interestingly, it was found that O2 consumption
declined under hypercapnia, indicating metabolic depression. This, along with the
increased gas partial pressure gradients was linked to an observed decrease in

ventilation effort (Portner et al., 1998).

The cellular mechanisms responsible for ion-balance are poorly constrained for many
marine invertebrates and paracellular transport across the external epithelium into

extracellular fluids is not well understood (Melzner et al., 2020). Despite this, there a
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small number of studies that have used fluorescent labelling to show that relatively
large molecules (in the range of ~0.6kDa) can enter extracellular space through
paracellular transport in echinoderm larvae, mollusc larvae and corals (Stumpp et al.,
2012, Tambutté et al., 2012, Ramesh et al., 2017). In heterotrophic invertebrates, pCO2
values are highest in mitochondria, followed by intracellular fluid with extracellular
fluid having the lowest pCO2 values. Extracellular fluid has higher pCO2 than
surrounding seawater and any increase in seawater pCO2 will lead to a subsequent
increase in extracellular pCO2. This is because relatively large concentration gradients
are required in order to excrete metabolic CO2 produced within the cells (Melzner et

al., 2009). Whether equilibrium can be achieved via paracellular transport is unknown.

Compensatory mechanisms for increased internal pH include buffering via the
accumulation of bicarbonate in extracellular space and active ion transport. In
cephalopods, sodium pumps are primarily responsible for acid-base flux, by actively
creating low Na+ concentrations in the cell which can then be utilised by sodium-proton
exchangers to expel protons. Bicarbonate is similarly transported along an electrical
gradient created by sodium pumps (Melzner et al., 2020). Acid-base transporters in
other invertebrates are very poorly studied and caution should be taken when assuming

homology between the mechanisms used by different taxa (Melzner et al., 2020).

A range of more long-term mechanisms to mitigate the effect of increased pCO2 and
the accompanied decrease in pH have been found. The upregulation of mMRNA for
Rhesus proteins, which are generally considered to act as gas channels, and an
associated reduction in diffusion distance (at a cost of increased diffusive water l0ss)
(Esbaugh et al., 2016). This upregulation, which has been empirically observed in fish,
crustaceans and cephalopods, suggests plasticity allowing the maintenance of CO2 flux
when diffusion gradients are reduced (Esbaugh et al., 2016, Hu et al., 2014, Weihrauch
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and O'Donnell, 2017). In mammals, the cholesterol content of membranes has been
found to alter their permeability to CO2, with higher cholesterol reducing CO2 flux
(Arias-Hidalgo et al., 2018). However, increased cholesterol is linked to increased
membrane fluidity, which may limit the effectiveness of such responses. Although this
mechanism has not been studied in marine organisms, it could potentially offer some

resilience to increasing levels of water CO2.

Pan et al. (2015) found that, although the sea urchin (Strongylocentrotus
purpuratus) appeared resilient to ocean acidification, at the cellular level, protein
synthesis and ion regulation accounted for the majority of energy expenditure in
acidified conditions for growing larvae (84% at reduced pH, compared to 40% in

control conditions).

A decrease in pH has been found to negatively affect H. diversicolor physiology. In
individuals held at pH7.6 and pH7.3, Freitas et al. (2016) identified an increase in the
activity of carbonic anhydrase which aids in the conversion of CO2 and water to
carbonic acid and bicarbonate during respiration. Additionally, lower energy reserves
and higher metabolic rate (measured as electron transport system activity) were seen in
individuals held at reduced pH. The elevated carbonic anhydrase activity was linked to
osmoregulation capacity, while the reduced reserves and higher metabolic rate was
linked to the development of defences such as antioxidant enzyme activity. The build-
up of antioxidants appeared to be a successful strategy in this study because lipid
peroxidation was similar for individuals in low pH (7.3) and those in the control pH

(7.9).

A paper (Hayward and Gillooly, 2011) investigating the energetics of gamete

production used values for wet weight of gametes collected from the literature (and
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converted, where necessary using a conversion factor of 0.4 to convert grams of carbon
to dry weight and then a conversion factor of 0.25g dry weight per g of wet weight).
Biomass production in g/day was converted into J/day using a conversion factor of
7x106 J/g. This was then converted into Watts in order to allow comparison to basal
metabolic rate of ectotherms at a given temperature (at 20C, metabolic rate (W = 0.14
x mass(kg)0.751. Corrections for temperature were computed in order to assess gamete
production at 20C. To do this it was assumed that production increased exponentially
with temperature using the Boltzmann-Arrhenius factor (e-E/kT). E = average
activation energy of the respiratory complex (eV), k = Boltzmann’s constant, T =
absolute temperature (Kelvin). Hayward and Gillooly utilised methodology from Peters

and Peters (1986).

Computation of external cues, such as determining the concentration of a chemical
ligand, incurs an energetic cost. In addition, Landauer’s principle asserts that erasure of
past observations also requires energy (Mehta and Schwab, 2012). Mehta and Schwab
(2012) use the Berg—Purcell strategy to calculate the energetic cost of determining
ligand concentration in a simple cellular network with two components. Berg and
Purcell (1977) showed that a cell is limited in its capacity to acquire environmental
information by stochastic fluctuations in the occupancy of receptor protein by the ligand
being detected. Assuming that a receptor binds to a ligand with a concentration-
dependant rate (k4off) and the receptor releases the ligand at a constant rate (K4on
(unaffected by concentration)), a cell can compute the average time a receptor is bound
in a given time period (T) in order to estimate ligand concentration (Berg and Purcell,
1977). A more efficient method would be to calculate the average time a receptor is
unbound in a given time period (Endres and Wingreen, 2009). In bacteria, receptor-

catalysed phosphorylation of a response regulator protein is a common signalling
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pathway and act as a simple model for calculation of computational cost (Mehta and
Schwab, 2012). Assumptions include: membrane-bound receptors are either ‘on’ or
‘off”; Receptor binding affinity is extremely high, meaning that all ligand-bound
receptors are ‘on’ and all unbound receptors are ‘off’; Receptor-binding activates a
protein from inactive form X to active form X* at a state-dependent rate (K2s) where
s=on,off; Proteins are deactivated at a constant rate K1, independent of state ratios.
Effective selection of the time period T is based on K1, the inactivation rate of response
regulator proteins (T o K1-1) (Mehta and Schwab, 2012). To calculate entropy
production (EP), the process was formulated as a non-equilibrium Markov process,

eventually producing:

Although metabolic scope for activity increases with temperature in H. diversicolor
(Galasso HL, 2018), calculating the energetic cost of altered cue reception or biomass
production in organisms as complex as polychaetes has currently not been attempted.
Though difficult to calculate, each of chapters outlined in this thesis contribute to an

alteration in energetic cost with changing pH and temperatures for H. diversicolor.

1.3.7. Bioturbation

Bioturbation (defined as the biological reworking of soils and sediments by
organisms) is recognised as a form of ecosystem engineering (Meysman et al., 2006)
and includes behaviours such as burrow formation and infilling (once burrow is
abandoned), burrow irrigation, prey excavation, mound formation (for example by
heart urchins) and sediment particle ingestion and egestion (Meysman et al., 2006).
Kristensen et al. (2012) expanded this definition to include “all transport processes
carried out by animals that directly or indirectly affect sediment matrices.” The overall
impact of such activities is greater than the sum of their parts and the impact of
bioturbation is on the scale of landscape formation (Meysman et al., 2006). Bioturbation
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is a key factor in sediment transport and nutrient cycling, which in turn influence
geomorphology (Boyle et al., 2014, Meysman et al., 2006). For example, bioturbation
increases the retention of phosphorus in sediments (relative to carbon) and because it
acts as the limiting nutrient for oxygen production this can have an impact on oxygen

reservoirs (Boyle et al., 2014)

The action of bioturbation alters sediment surface topography, which, in aquatic
environments, can impact flow regimes and alter resuspension and erosion (Shrivastava
et al., 2021). Filter feeders impact sediment transport by ingesting particles, they also
impact resuspension in the form of faecal fluid ejections (Meysman et al., 2006,
Boudreau and Jorgensen, 2001). Resting eggs of many organisms are incorporated into
the sediment and potentially returned to the surface through the action of burrowing
organisms. These dormant eggs typically hatch in response to a stimulus such as O
availability and their incorporation into sediments can effectively create a ‘seed bank’,
which impacts recruitment for a range of species (in particular planktonic species)
(Stahl-Delbanco and Hansson, 2002). Organisms can alter the texture of sediment;
changing porosity, cohesiveness, solute diffusion and inducing spatial heterogeneity,

thus creating a range of environmental niches (see Figure 1.13) (Meysman et al., 2006).

1.3.8. Evolution of Bioturbation and the Expansion of Accessible Habitat

The onset of animal burrowing and mixing sediments (bioturbation) is first
(indisputably) seen in the late Ediacaran and is characterised by the transition from
stratified Precambrian to the more mixed sediments of the Phanerozoic (see Figure 1.14)
(Boyle et al., 2014). There is some emerging evidence that simple substrate feeders
existed as early as 40-55 My before the Cambrian (Chen et al., 2004). Prior to the
appearance of bioturbating organisms, benthic habitats consisted of simple, one-
dimensional microbial mats which formed layers of microbe communities with
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differing metabolisms (Meysman et al., 2006). These microbial mats coated the
substrate surface and as such, oxygen penetration was shallow. Trace fossils of early
‘Ediacaran fauna’ suggest that they existed alongside microbial mat communities

(Meysman et al., 2006).

Figure 1.15: Examples of the range of types of bioturbation and the variety organisms
that perform this important service. (a) mole track (Thomomys talpoides macrotis) (b)
mole track in prairie grasslands. (c) dugong (Dugong dugong) feeding on rhizomes (d)
feeding pit attributed to the blue-spotted stingray (Taeniura lymma) (e) foraging blue-
spotted stingray (f) the common earthworm (Lumbricus terrestris). In the marine
environment, the dominant bioturbators are deposit-feeding polychaetes and
burrowing crustaceans. Invertebrates have a small per capita impact, but due to their
population density they are dominant from a global perspective. From Meysman et al.

(2006).
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The earliest bioturbators (Planolites) are identified ichnologically by remains
of their simple, unbranching, shallow burrows or surface trails with diameters typically
in the range of a few millimetres (Lipps and Signor, 2013). Pelleted traces created by
ichnogenus Neonereis and Torrowangea occur slightly above these simplest burrows
in the fossil record. Later, the burrows increase in complexity and size, becoming
bilobed and vertical, reaching depths of a few centimetres (attributed to
Didymaulichnus and Skolithos). All of these burrow forms occur in the Vendian (635
to 541Mya) (Lipps and Signor, 2013). Traces of simple arthropod scratch marks created
by Monomorphichnus appear in the late Vendian, but only become common in younger
rocks and more complex Rusophycus and Cruziana are not found until the Tommotian.
The evolution of branching burrows and traces of spreite burrows are first found later

in the Tommotian (Lipps and Signor, 2013).

Ediacaran matground

Bioturbaﬂonv
revolution

Figure 1.16: Conceptual illustration showing the transition between Ediacaran
matground habitat with microbial matt covered sediments to Cambrian mixground

where the sediment is mixed due to complex burrow networks. Burrow flushing
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allows oxygen transportation deep into sediments. Inset photograph shows Arenicola
marina with a light halo of oxidised sediment around its burrow as compared to grey

background of reduced sediment. Meysman et al. (2006).

The Cambrian Explosion was characterised by rapid speciation and this is
evidenced in the fossil record by increased biodiversity and population sizes. It has been
hypothesised that one of the driving forces behind this explosion was the evolution of
bioturbation and the associated expansion into new habitats. Not only did burrowing
organisms turn an essentially two-dimensional habitat into a complex three-
dimensional habitat, but they also opened up a new food source in the form of buried
organic matter (Herringshaw et al., 2017). Burrowing into the sediment also provided
shelter from predators, however, over time predators evolved to excavate sediments in
their search for infaunal prey and these adaptations also aided the Cambrian Explosion
(Herringshaw et al., 2017). The rise of bioturbation led to an increase in relative surface
area available for nutrient exchange between the sediment and the water column (Boyle

etal., 2014).

1.3.9. Loss of Bioturbation

Early Triassic ichnofaunas show a loss of sediment mixing by organisms.
Evidence for this includes: superior preservation of epifaunal or shallow infaunal
species and a distinct scarcity of deep-tier species, lack of bioturbation textures and
dominance of fossil types that suggest the presence of cohesive and microbial-mat
ground sediments (Hofmann et al., 2015, Twitchett et al., 2001). Bioturbation intensity
is measured using an ‘ichnofabric index’ allowing rapid, semi-quantitative assessment
of sedimentary rock (Droser and Bottjer, 1986). Using a combination of ichnofabric
index and appearance of cohesive, microbial-mat type fossil assemblages, the collapse

of benthic ecosystems can be tracked.
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Loss of bioturbation during the EPME led to the loss of associated ecosystem
engineer behaviours such as sediment mixing, aeration and enhanced geochemical
cycling. It has been suggested that the demise of bioturbation during this period may be
responsible for the levels of anoxia observed in the Early Triassic (this has previously
been used as a proxy for seawater anoxia) (Hofmann et al., 2015). It is also possible
that discrepancies in sulfate evaporate minerals observed in the fossil record may be

due to the impact of bioturbation loss on the sulfur cycle (Canfield and Farquhar, 2009).

Ocean anoxia is viewed as a strong factor in the slow recovery of marine ecosystems
following the EPME (Hallam and Wignall, 1997, Wignall and Twitchett, 1996, Moffitt
et al., 2015). However, there is increasing evidence that ecosystem recovery, even that
of benthic systems, occurred in areas that were believed to be inimical to life due to
anoxia (Hofmann et al., 2015). Recent research from Cribb and Bottjer (2020) present
trace fossil evidence that indicates that there was no loss of bioturbation ecosystem
engineering behaviors after the mass extinction, including deep tier, high-impact,
complex ecosystem engineering. Similarly, Feng et al. (2022) identified well
established infaunal ecologic structure was in the early Smithian (251.2 to 247.2 Mya)
in Chinese trace fossils. However, the impact of trophic group interactions could have
delayed the recovery of nonmotile, suspension-feeding epifauna in the Early Triassic
(Feng et al., 2022). The loss of bioturbating organisms and the subsequent reduction of
mixing in marine sediments might have been a key influence on the delayed recovery

of marine ecosystems (Hofmann et al., 2015).

1.3.10. Hediste diversicolor
Throughout this thesis the harbour ragworm (Hediste diversicolor) is used as a

model bioturbating organism. H. diversicolor is a common burrowing polychaete worm

found in intertidal and shallow estuarine environments throughout Europe and North
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America (see Figure 1.15) (e.g. Scaps, 2002, Muus, 1967, Heip and Herman, 1979,
Kristensen, 1984). Population density is highly variable ranging from 35 to 3700 ind.m"
2 depending on season and environmental factors such as temperature, salinity and
location (Scaps, 2002). A relationship between the feeding strategy of an organism (e.g.
suspension versus deposit feeders) and irrigation rate (and therefore solute exchange
with surface waters) has been identified in burrowing species (Kristensen and Kostka,
2005). H. diversicolor use several feeding mechanisms including deposit feeding,
suspension feeding and active hunting (Fauchald and Jumars, 1979, Harley, 1950).
They produce mucus to stabilise their burrows and can build mucus nets outside their
burrows to catch detritus, which they then consume. The burrows of H. diversicolor are
typically either Y shaped or U shaped and the internal burrow conditions are stabilised

by active irrigation by the worm (Esselink and Zwarts, 1989).

Everted pharynx o al

Cimi  _p3<58 ‘w-;-

Cimi — Pvaidium
Figure 1.17: Drawing of a typical ragworm with pharynx everted and photograph of

the common ragworm Hediste diversicolor. From Hesselberg (2007).

Their burrowing activity increases the oxic zone in the host sediment and
increases meiofaunal and microbial populations in the area adjacent to burrow walls

(Scaps, 2002, Fang et al., 2021). In areas where H. diversicolor are abundant, their
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bioturbating activities likely have a crucial effect on ecosystem functioning (e.g.
Godbold et al., 2011, Godbold et al., 2009, Solan et al., 2008). Solan et al. (2008)
conducted a mesocosm study using three bioturbating species (Hediste diversicolor,
Hydrobia ulvae and Cerastoderma edule) and identified H. diversicolor as providing
the largest contribution to nutrient generation as well as having the highest bioturbation
intensity. This study also identified the importance of species richness reflecting
species-specific impacts on particle reworking and associated nutrient production. A
further study (this time using Hediste diversicolor, Hydrobia ulvae and Littorina
littorea) identified that species composition, rather than species richness better
explained resource use and decomposition (Godbold et al., 2009). The burrowing, bio-
irrigation and associated sediment re-working of H. diversicolor has led to their being
classed as a keystone species and it has been suggested that the feeding of this species
acts as a rate-limiting step in estuarine detritus processing (Moreira et al., 2006,
Mermillod-Blondin et al., 2005). Additionally, migrating bird species rely on benthic
invertebrates such as H. diversicolor as a food source, with overwintering birds
consuming as much as 90% of H. diversicolor populations (e.g. Boates and Goss-

Custard, 1992, Scheiffarth, 2001, Ens et al., 1996, Evans et al., 1979).

Hediste diversicolor are semelporous, undergoing one spawning event after
which the individual dies (Mdoller, 1985). Co-ordination of spawning is therefore
critical for the success of the species and they commence a prolonged spawning during
spring (Kristensen, 1984). One of the possible impacts of increasing sea surface
temperatures due to climate change is the uncoupling of photoperiod and temperature,
which act in combination to stimulate spawning, larval development, gamete
development and production of spawning hormone (Lawrence, 1996, Kristensen, 1984,

Lawrence and Soame, 2004). Indeed, individuals held at high temperatures spawn
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asynchronously (Bartels-Hardege and Zeeck, 1990). Gamete maturation is stimulated
at temperatures of 6°C, with spawning occurring 4 weeks later in temperatures of
around 12C (Bartels-Hardege and Zeeck, 1990). The changing temperatures in early
spring are thought to be involved in assisting synchronisation of spawning as is the
semi-lunar cycle, with peaks at new and full moon (Bartels-Hardege and Zeeck, 1990).
H. diversicolor may be particularly vulnerable to climate change due their lack of
planktonic larvae and associated reduction in dispersal distance and population mixing
(Lawrence and Soame, 2004). However, they have a wide distribution and are tolerant

to a variety of conditions which may alleviate some of the risk.

H. diversicolor is widely used as a bio-indicator species for assessing the impact of

metal pollution, nanoparticles, pharmaceuticals and hydrocarbons (Freitas et al., 2016).

1.4. Past Mass Extinctions and the Modern Day Link

A mass extinction is defined as a geologically short time period (<2 million
years) during which more than 75% of all species disappear (Jablonski, 1994). Over the
past 540 million years, mass extinctions have occurred five times (see Figure 1.16)
(Barnosky et al., 2011b). The causes of these mass extinctions vary, however, most
extinction events are linked to climate change and associated factors such as ocean
acidification and marine anoxia (Bond and Grasby, 2017, Barnosky et al., 2011b).
Large scale volcanism is often cited as the cause of past climate change events due to
the negative carbon isotope excursions that occur in tandem with large igneous province
volcanism (Bond and Grasby, 2017, Wignall, 2001, Wignall et al., 2009). Volcanic
eruptions release large volumes of gases, including CO2 and SO.. Although CO-

contributes to global warming, SO> has the opposite effect by creating aerosols that
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block the sun. However, while the cooling effect of SOz is short-lived because of rain

out, the warming effect of CO2 lasts much longer (Bond and Grasby, 2017).

e — — . —_—

20 .
| 8 |
¢ ¥ e

16 - !
@
e . ;

|

S 10
[
e
wi ——
=
=

Geological Time (Ma)

Figure 1.18: The occurrence of mass extinctions through geological time during the
Phanerozoic with extinction rates given as families per million years. The five mass-
extinctions can be seen clearly as peaks that stand well above background extinction
levels. a) Late Ordovician, b) Late Devonian, c) End Permian, d) Late Triassic, e) Late

Cretaceous. Taken from Hallam and Wignall (1997).

The most severe mass-extinction to occur was the End Permian Mass Extinction
(EPME), 252 million years ago (Shen et al., 2011). More than 90% of marine species
went extinct during this event (Erwin, 1994). The PTME was not confined to oceanic
taxa, there was also a profound effect on terrestrial ecology. The Permian Triassic
boundary was marked by a transition from diverse seed ferns to low diversity conifers
and lycopsids. The ‘coal gap’ that begins in the late Permian (~250Mya) and continues
to Mid Triassic (~243Mya) is indicative of the loss of peat-forming plants during this

interval (Retallack et al., 1996). Variation in paleosols (fossilised soils) from Antarctica
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indicate a transition to low-productivity ecosystems with high proportions of stress-
tolerant opportunistic plants during the EPME (Retallack & Krull, 1999). Loss of
coniferous vegetation in Europe also lead to a degraded ecosystem where lycopsids
dominated for ca. 4-5My (Looy et al., 1999). Proximal kill factors such as climate
change, acid rain, ocean acidification and anoxia, hypercapnia and toxic metal pollution
are most commonly cited causes (Bond and Grasby, 2017). The total CO. release from
Siberian Trap Large Igneous Provence (LIP) has been estimated at 30,000 Gt (Courtillot
and Renne, 2003). Anthropogenic CO- input to the atmosphere currently stands at about
37 Gt. This means that in around 800 years humans could have released the same mass
of CO2 into the atmosphere as 0.9 million years (My) of Siberian Traps volcanism

(Courtillot and Renne, 2003, Bond and Grasby, 2017).

There is an increasing concern with regard to modern-day extinction rates (e.g.
Ceballos et al., 2015, Pereira et al., 2010) and there is evidence to suggest that we are
now facing a sixth mass extinction event (Ceballos et al., 2015). There is some
uncertainty in estimating the background rates of extinction and speciation, particularly
because most extant species have not been formally described yet (Barnosky et al.,
2011b), however, this often leads to underestimation of current extinction rates and an
overly optimistic outcome. Currently, the most common metric used to quantify
extinction rates is extinctions per million species year (E/MSY), or the number of
extinctions per million years per species (Pimm et al., 2006, Pimm et al., 1995). Using
conservative assumptions and estimates of modern extinction rates Ceballos et al.
(2015) computed that the average rate of loss for vertebrate species is 100 times the
background rate. This corresponds to 800-1,000 years’ worth of extinctions occurring

in just one century (Ceballos et al., 2015).
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Modern extinction rates appear to be driven by similar stressors that lead to past
mass extinctions, namely, climate change and associated factors (Bond and Grasby,
2017). What is unclear is why certain extinction events are so much more severe than
others, despite similar causal mechanisms. It has been suggested that biological factors,
such as tolerance of certain species to reduced pH, might elucidate this and
experimental setups with modern day analogues could provide insight (Bond and

Grasby, 2017).

The Permian-Triassic Mass Extinction (PTME), which occurred ~252.28
million years ago (Ma), is the most severe extinction event in earth’s history and
profoundly altered marine ecosystems (Song et al., 2013, Shen et al., 2011). It has been
linked to increased ocean temperature, acidity and anoxia and as such, it acts as a good

comparison for today’s biotic declines.

1.5. Permian-Triassic Mass Extinction

1.5.1. Background Information

The eruption of the Siberian Traps Large Igneous Province is hypothesised to
be the underlying cause of the end Permian mass extinction (see Figure 1.17). Such an
eruption is proposed to have caused large scale atmospheric changes via the release of
volatiles during the degassing of sediments and lava leading to environmental
perturbations and marine and terrestrial mass extinction (Wignall, 2001). A single,
short-lived (1-2 My) eruption may have caused the late Permian mass extinction,
however, U-Pb and Ar-Ar dating for the Siberian Traps are currently only able to
conclude that magmatism occurred during or soon after mass extinction (Burgess et al.,

2014).
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Figure 1.19: A) Changes in marine carbonate over the Permian Triassic period with
the mass extinction event period shaded in blue. B) Diagrams illustrating the main
environmental impacts of thermogenic (top) and volcanic (bottom) gasses during this
time. C)The impact of environmental change illustrated in B on biota (Dal Corso et al.,

2022).

Although the extinction itself was relatively short-lived (=60 kyr) (Burgess et
al., 2014), the broad impacts of the end Permian mass extinction could be seen for 5-10
Myr (Chen and Benton, 2012). Complex ecosystems were not readily identified in the
fossil record until the mid-Triassic (Romano et al., 2012). This recovery period is longer
and more drawn out than in any other Phanerozoic extinction. Such a short extinction
period and drawn out recovery suggest that the mechanisms underlying the extinction
event were rapid and severe, whereas the recovery period involved a complex
combination of recovery and extinction events (Burgess et al., 2014). It has been
hypothesised that this is because environmental conditions at the time may have crossed
a “tipping point”, which is very difficult for ecosystems to recover from (Burgess et al.,

2014).
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Figure 1.20: A) Vulnerability to extinction for different groups of marine organisms
based on susceptibility to climate change. B) Extinction magnitude for different
groups of marine organisms during the Permian Triassic mass extinction event with
non-motile, benthic, unbuffered taxa as well as brachiopods suffering the highest
extinction rates. C) Selectivity of groups of marine organisms to a range of conditions.

From Dal Corso et al. (2022).

Ocean anoxia, acidification and high temperatures continued into the Early
Triassic, and this as followed by a minor extinction event at the Smithian-Spathian
boundary, hindering recovery (Sun et al., 2012, Bond and Wignall, 2010, Grasby et al.,
2016). The slow recovery following the EPME is illustrated by lack of reef-building
species found in the Early Triassic, a gap in coal formation and evidence for lack of
nutrient upwelling (Grasby et al., 2016, Retallack et al., 1996, Flugel, 2002). The
marine environment is particularly susceptible to increased pCO> (see Figure 1.18) and
more than 90% of marine species became extinct at the end of the Permian (Erwin,
1994). Although a recent analysis by Stanley (2016) demonstrates that the figure for
overall extinction during this event is 81% due to levels of background extinction and

overlapping data from the earlier Capitanian extinction.
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Global ocean anoxia, high ocean temperatures and increased pCO> (leading to
ocean acidification) are thought to be some of the ‘kill mechanisms’ that contributed to
this mass extinction event (Burgess et al., 2014). However, the geological record is
scattered with examples of these conditions, but it is rare that they lead to mass
extinctions (Burgess et al., 2014, Bond and Grasby, 2017). One reason for this could be
varying availabilities of carbon sinks (such as the ocean) in different time periods, but
more detailed research into the causes and timescales of mass extinction events is

required in order to understand the complete mechanisms that drive them.

1.5.2. Environmental Conditions During the PTME — Based on Fossil Records

The End Permian Mass Extinction represents the most severe loss in
biodiversity in the past 542 My. Research by Song et. Al (2013) and Shen et al. (2016)
suggests that the PTME occurred in two pulses with a ca. 200 Ky recovery period in
between. The Latest Permian Extinction (LPE) is associated with high extinction rates
in corals, calcareous algae, sponges, radiolarians, fusulinids and echinoderms (Song et
al., 2013, Song et al., 2014). The taxa identified as having high extinction rates appear
to be calcifying organisms, which are known to be particularly susceptible to changes
in ocean chemistry due to the reduced availability of COs* ions (Gattuso and
Buddemeier, 2000). The fact that these groups have low upper thermal limits also
implies an increase in ocean surface water temperatures (see Figure 1.20) (Song et al.,

2013).
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Figure 1.21: Time series of fossil groups used to reconstruct paleotemperatures. Gray
lines show the temporal range of group (bivalves, brachiopods, foraminifers, and fish
are extant); blue lines show stratigraphic range where each group has
paleothermometry applications. Note jawless fish are not included as they are not

useful for oxygen isotope paleothermometry. Taken from Bond and Sun (2021).

In the interim between the two extinction pulses thermally tolerant benthic biota
diversified. The second pulse of extinction (the Earliest Triassic Extinction or ETE)
coincides with the disappearance of species intolerant to a combination of high
temperatures and low oxygen availability suggesting increasing anoxic conditions
during this period (Song et al., 2014). In addition, nektonic dominated communities
replaced benthos dominated communities suggesting an advantage to being motile and
able to inhabit pelagic zones (Song et al., 2013). There is also sedimentological
evidence for anoxic conditions in this time-period such as authigenic uranium
enrichment, pyrite morphology, iron speciation and pyrite sulphur isotope data
(Wignall and Newton, 2003, Shen et al., 2016). This combination of lethally high
temperatures in shallow waters and anoxic deep waters is hypothesised to be the most
deadly combination for marine biodiversity during the late Permian and early Triassic
(Song et al., 2014). The existence of a ‘refuge zone’ in between lethally hot surface
waters and anoxic deep waters can explain the patterns of species survival and

extinction during and after the PTME (Song et al., 2014). Others have argued that
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hypoxia best explains the paleo-physiology of surviving and extinct taxa through the

PTME (Knoll et al., 2007).

Data from Wang et al. (2014) imply a single pulse of rapid extinction beginning
just before the Permian Triassic boundary (PTB). The two-phase extinction hypothesis
by Song et al. (2012) may have been flawed due to fossil preservation being influenced
by lithofacies (Wang et al. 2014). Further, a thorough study on Permian diversity trends
by Clapham et al. (2009) indicates that biodiversity gradually decreased from the
Wordian (ca. 265.1 Mya) to the end Permian with little evidence for peaks in extinction

rates.

Predictions of oceanic conditions during the PTME based on the physiology of
species are confounded by outliers and irregularities. For example, in more acidic
oceans, calcifying species (such as corals, sponges and bryozoans) should suffer great
losses and this can be seen in the geological record during the EPME. However, this
does not account for the losses suffered by more tolerant cephalopods and ammonoids
(Song et al., 2014). In addition, those taxa that produce siliceous skeletons (such as
radiolarians) would be expected to have a higher tolerance to more acidic conditions
and ought to escape the PTME with relatively few losses. Interestingly, the chert gap
(chert is a rock formed from silica microfossils) indicates a sudden reduction in silica
producing organisms from the earliest to the mid-Triassic, pointing toward large scale
extinctions of such taxa (Beauchamp and Baud, 2002). Using such predictive principles,
it would be expected that burrowing infauna that are regularly exposed to hypercapnia
would be more resilient to increasing CO2 associated with climate change events (Knoll
et al., 2007). Clapham and Payne (2011) found the opposite pattern with infaunal

bivalves being more susceptible to extinction than their epifaunal counterparts. In
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addition, evidence for burrowing activity largely disappeared during this extinction

event suggesting alternative drivers of extinction.

Song et al. (2013) define ‘physiologically un-buffered’ taxa (with reference to
high temperature and anoxic waters) as those with a low metabolic rate, low levels of
internal circulation and high investment in CaCOs skeletons. This includes;
brachiopods, corals, calcareous sponges, radiolarians, small foraminifera and represents
the majority of Palaeozoic benthic taxa. Buffered species include bivalves, gastropods,
ammonoids and trilobites (Song et al., 2013). It is possible that this is an over-
simplification and that less obvious mechanisms might be at play. For example,
although ammonites are considered ‘buffered’ taxa, they may be more vulnerable to
high temperature, low pH and anoxia during the larval stage, potentially causing large-

scale population declines.

1.5.3. Environmental Conditions in the PTME — Based on Isotope Analysis

Thanks to constantly evolving isotopic analysis techniques, we are learning
more and more about the environmental conditions during mass extinction events. Not
only this, but higher resolution climate data is becoming available offering us a window

into climate variability over shorter timescales.

Analysis of Boron isotope data from two transects in a marine open water carbonate
succession suggests that during the late PTME, ocean pH reduced rapidly (by 0.7 pH
in ca. 10,000 years) (Clarkson et al., 2015). It should be noted that boron isotope records
are extremely susceptible to the evolution of pore water through diagenesis and

variations in boron-rich clay content (Bond and Grasby, 2017).

There is also evidence that the oceans became highly anoxic during the end

Permian, although timing and scales of anoxia are under debate (Song et al., 2012,
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Baresel et al., 2017). In shell carbonate, the 80 to °0 ratios correlate with the ratios
present in the water and the calcification temperature (Spero et al., 1997). Temperatures
of ocean surface waters act as a major contributor to mass extinctions and during the
Latest Permian Mass Extinction (Song et al., 2014). A decrease in 0xygen isotope ratios
of 2% in the latest Permian is hypothesised to translate to an increase of 8°C in low-
latitude surface waters (see Figure 1.20) (Joachimski et al., 2012). Sun et al. (2012) also
analysed oxygen isotope ratios (530) from conodonts in Nanpanjiang Basin, South
China and calculated a late Smithian Thermal Maximum (~250.7Mya) of 38°C, with

predicted sea surface temperatures exceeding 40°C.
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Figure 1.22: Global ocean distribution of oxygen isotope composition showing large
latitudinal variation in seawater §180. 6180 of seawater reflects both regional
evaporation and precipitation as well as the global change in continental ice volume.
In addition 6180 can be used to assess paleothermometry due to differences in the
energy required to break bonds in the heavier versus lighter isotopes. This leads to
predictable isotope fractionation which is recorded in the shell material when it is
precipitated from seawater in equilibrium and is a function of temperature. Taken

from Bond and Sun (2021), originally from Schmidt (1999).
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Euxinic conditions have been identified using highly-reactive iron to total iron
ratios as well as pyrite-iron to highly-reactive iron in the Xiakou section, South China
(Shen et al., 2016). Nutrient-limited surface waters and reduced primary productivity
(based on Nitrogen isotope analysis and paleoproductivity proxies) in the Early Triassic
in northwest Pangea are indicative of reduced oceanic upwelling (Grasby et al., 2016).
Nutrient-rich upwelling appears to return to northwest Pangea in the Middle Triassic
and coincides with increased primary productivity and reduced sea surface temperature

(Grashy et al., 2016, Sun et al., 2012).

A biogeochemical proxy for increased UV-B radiation has been proposed by
Fraser et al. (2014): Sporopollenin, a major part of pollen walls, alters in chemical
composition in response to UV light and this offers a tool for assessment of past UV
flux using preserved pollen spores (Fraser et al., 2014). This method has proved
successful in a modern species grown across a range of latitudes and hence receiving a
range of UV levels (Jardine et al., 2016). Although this method is still under debate, it
has been proposed that, during the PTME, ozone-depleting aerosols lead to increased
levels of UV-B (Beerling et al., 2007, Seddon et al., 2019). An experiment by Benca et
al. (2018b) recreated a common pollen mutation found in the bisaccate gymnosperm
pollen in the Permian by exposing the dwarf pine (Pinus mugo) to increased levels of

UV-B radiation.

Extinction events are marked by widespread reductions in macroscopic
biodiversity and act as drivers of major and large scale evolutionary change (Shen et
al., 2011, Song et al., 2014, Song et al., 2013). Mass extinction events include the five
most severe extinction events found in the geological record plus the present day

extinction. The Permian-Triassic Mass Extinction (PTME), which occurred ~252.28Ma,
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is the most severe extinction event in earth’s history and profoundly altered marine
ecosystems (Shen et al., 2011; Song et al., 2013). It has been linked to increased ocean
temperature, acidity and anoxia, as such it acts as a good comparison for today’s biotic
declines. Many extinction events are accompanied by a negative carbon isotope (6*3C)
excursion and during the EPME a negative shift of up to -8% has been reported in the
literature (Bond and Grasby, 2017). Ratios of *C to *2C alter with the ratio of dissolved
inorganic carbon in the water and this is used as a proxy for changes in respiration and
photosynthesis and therefore the amount primary productivity (Spero et al., 1997). A
negative excursion of *C may also be caused by an increase in **C-depleted carbon

into the atmosphere which eventually dissolves into oceans (van Breugel et al., 2007).

Based on the stabilisation of carbon isotopes, the termination of volcanism in
the Siberian Traps and the recovery of scleractinian corals, full recovery after the EPME
is believed to have occurred in the Mid Triassic (Petsios et al., 2017). Recent studies
indicate that the rate of recovery varied locally depending on the taxonomic group, shelf

environment and ecology (Petsios et al., 2017)

It is likely that there were spatial and temporal variations in climate change
during the EPME with some areas suffering rapid change at certain times while others
were less affected during the same period. Modern-day climate change is also occurring
relatively rapidly, with some regions affected more significantly than others. The sea
surface temperature increase of 8°C that has been derived from oxygen isotope ratios
(Joachimski et al., 2012) would have exceeded the thermal limits of modern-day corals

(Lough et al., 2018).
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Rationale for Research

Today, loss of biodiversity appears to be driven by the same stressors that led
to past mass extinctions, namely, climate change and associated factors (Bond and
Grasby, 2017). What is unclear is why certain extinction events are so much more
severe than others, despite similar causal mechanisms. It has been suggested that
biological factors, such as tolerance of certain species to reduced pH, might elucidate
this and experimental setups with modern day analogues could provide insight (Bond
and Grasby, 2017). The use of primitive bioturbators such as polychaete worms as
experimental analogues for climate change research is beneficial for several reasons.
They are numerous and relatively easy to collect from the estuarine environments as
well as being relatively hardy and easy to keep in a lab setting. As ecosystem engineers,
they are important organisms in many marine habitats and population collapse in future
climate change scenarios could drastically alter marine benthic habitats. Although not
perfect analogues to species from the fossil record, they are relatively primitive and
offer scope for experimental research to investigate the mechanisms behind the
disappearance of bioturbation seen in previous mass extinctions while at the same time

offering insight into their susceptibility to future climate change.

This project aims to investigate the more subtle impacts of climate change on a
modern day hardy, benthic species, Hediste diversicolor. Specifically, the impact of
temperature and pH on the species ability to forage and avoid predators. This will help
to elucidate the some of the more insidious impacts of climate change and offer insight
into population level effects climate change will have on H. diversicolor as well as
illustrate some of the driving forces behind the loss of biodiversity seen during the

Permian Triassic mass extinction. Second, this project aims to investigate the impact of
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climate change on burrowing. By experimentally examining the impact of pH and
temperature on in-burrow oxygen dynamics | hope to shed some light on the impacts
of climate change on biogeochemical cycling, macrofauna and in-burrow behaviour of

these important bioturbators.

Chapter 2 aims to investigate the impact of changing pH and temperature on the
ability of H. diversicolor to sense chemical cue molecules. Previous studies have
identified natural substances, such as flounder mucous, as a predator cue, eliciting
avoidance behaviour (Schaum et al., 2013). In this work we hypothesise that; 1) simple
biological molecules, such as amino acids, act as chemical cues for the omnivorous
benthic invertebrate H. diversicolor, eliciting feeding or avoidance behaviour and 2)
altering the pH and temperature of surrounding water would cause chemical and/ or
biological alterations such that behavioural responses change. By testing future-
relevant pH and temperature conditions and comparing to average current conditions,
any alteration in behaviour would indicate in a change of ability to sense cues or a

change in risk/ reward dynamics.

Chapter 3 utilises cutting edge optode sensing equipment to image and
investigate oxygen levels in and around H. diversicolor burrows. H. diversicolor is
considered an ecosystem engineer with its bioturbation and burrowing activities
disproportionately contributing to decomposition and biogeochemical cycling (Solan et
al., 2008). H. diversicolor burrow into otherwise anoxic sediment and through their
sediment reworking and irrigation activities they affect sediment oxygen levels and
microbiota communities (Pischedda et al., 2012, Pischedda et al., 2008). In this chapter
we hypothesise that wate pH and temperature will have an effect on 1) in-burrow
oxygen levels through changes in ventilation frequency and/ or oxygen consumption
by H. diversicolor and 2) penetration depth of oxygen from the burrow wall into the
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sediment through changes in in-burrow oxygen levels and/ or thickness of mucous wall

lining.

Chapter 4 investigates the impact of pH and temperature on mucous production
and mucous composition by H diversicolor. Mucus can act as a protective coating,
reducing the impacts of stressful environmental conditions. The antioxidant properties
of mucous are related to carbohydrate content of its mucoproteins which act as radical
species (Stabili, 2019). Previous research has linked increased mucus production to
several stressors, including elevated levels of pollution (e.g. Bastidas and Garcia, 2004)
and increased water temperature (Neudecker, 1981, Tal et al., 2021). We hypothesise
that reduced pH and increased temperature will increase the quantity of mucous
produced be H. diversicolor as a response to more stressful conditions. Also, that higher
carbohydrate concentrations will occur in the mucous produced at lower pH and at

higher temperatures, again as a defence mechanism against stressful conditions.

Combining the results of these three chapters provides novel insight to the
ecological functioning of H. diversicolor and how future-relevant pH and temperature

conditions may alter this functioning.
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2.0. Chapter 2

The Future of Chemical Cues: Responses of the
polychaete Hediste diversicolor to artificial food cues in

a warm, acidic ocean.
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2.1. The Future of Chemical Cues: Responses of the polychaete Hediste diversicolor

to artificial food cues in an warm, acidic ocean.

2.1.1. Abstract

Anthropogenic climate change has altered marine, terrestrial and freshwater
habitats, exposing ecosystems to conditions unprecedented over millennia. Ocean
surface pH is expected to decrease by 0.33 units and ocean temperatures are projected
to increase by an average of 3.7°C by the end of the century. Further, global ocean
biomass is projected to decrease by up to 15.5% (+ 8.5%) by 2100. The impacts of
climate change on marine organisms are species specific and vary depending on the
response variable measured. Very little attention has been given to the impact of future
relevant pH and temperature change on the sensory abilities of marine species, a factor
that has the potential to impact a species ability to find food, avoid predators, locate

habitat and identify potential mates.

The animals used in these experiments were not collected from the wild but
were second and third generation worms housed in static pH and temperature conditions
S0 no pre-acclimation was required. By using F2 and F3 generation worms the impacts
of acclimation and acclimatisation were removed and inter-generational, long term

impacts of pH could be assessed.

Investigations into behavioural responses to chemical cues have focused on the
use of complex organic mixtures such as ‘predator conditioned water’. In such
experiments it is impossible to know what the target organism is responding to or the
concentrations that are required to elicit a response. There are a few studies that have
utilised artificial chemical cues in order to investigate the dose-response relationship

and decision making in benthic deposit feeders. By utilising known chemicals,
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concentrations can be accurately controlled and the chemical changes of the cue

molecule driven by water pH and temperature are identifiable.

Here behavioural response (measured as percentage time spent out of the
burrow) of the harbour ragworm (Hediste diversicolor) to multiple synthetic chemical
cues under present and future ocean pH and temperature scenarios is investigated.
Dimethyl sulphide (DMS), taurine and glutathione were found to act as food cues in
both present and future climate scenarios. The pH and temperature conditions affected
the concentrations required to elicit a response as well as impacting the strength of the
response to the cue. Such a response could be due to physiological changes in the
ragworm or chemical alterations to the cue molecules in the different pH/ temperature
conditions (pH8.1 and pH7.3 both at 18°C and 22°C). The pH was found to affect the
response of ragworms to chemical cues that are known to alter their protonation state.
This occurred across the pH conditions tested (pH7.3 and pH8.1), suggesting that the
conformational change induced in these chemical cue molecules is contributing to
altered response levels, potentially by reducing the binding potential between the cue

molecule and the associated receptor protein.

ATP was found to act as a food cue only in pH8.1 at elevated temperatures
(22°C). ATP readily hydrolyses to ADP in above pH7.4 and this combined with
elevated temperatures may have been creating high enough proportions of ADP to act

as a food cue and cause the behavioural response observed in this condition.

Urea caused a significant reduction in response compared to the control only at
pH8.1, 18°C, suggesting that it is acting as a predator cue. Chondroitin sulphate caused

a non-significant reduction in response at 18°C, but a significant positive response at
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22°C. The structure of chondroitin sulphate is relatively stable across a broad pH and

temperature range, suggesting that the variation in activity is physiologically driven.

The results presented here suggest that the ability of H. diversicolor to respond
appropriately to food and predator cues is impacted by pH and temperature. Higher
concentrations of cue are required at reduced pH for DMS, taurine and GSH at low pH,
however, this may be mitigated in mixtures of cues. Higher temperatures are generally
associated with higher levels of activity, which may be linked to increased metabolic
stress causing higher foraging drive. Response to predator cues is altered at different
temperatures and pH. All of which has the potential to effect survival in future ocean

conditions.

2.1.2. Introduction

Chemical communication is the oldest form of communication, with evidence
suggesting it dates back to primordial protists (Kittredge et al., 1974). Today chemical
cues are common in the marine environment and are utilised by a myriad of organisms
to signal a range of processes. From sensing predators (e.g. Schaum et al., 2013) to
initiating reproduction (e.g. Snell et al., 2006) chemical signalling is important for the
survival of many species. Schaum et al. (2013) found that the polychaete Hediste
diversicolor significantly reduced their distance, frequency and duration of burrow
emergences in the presence of flounder (Platichthys flesus) mucus, suggesting
chemosensory mechanisms leading to an anti-predator response. Polychaetes also
respond to chemical cues created by food, such an injured amphipod, by increasing
their feeding response (Ferner and Jumars, 1999). Low molecular weight compounds
(such as amino acids), including glycine (evidence from Kolkovski et al., 1997, Velez
etal., 2007) and proline (Ferner and Jumars, 1999, Velez et al., 2007) have been shown
to increase feeding behaviour, although Ferner and Jumars (1999) found that glycine
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significantly reduced feeding in two polychaete species. Numerous amino acids,
including phenylalanine, glutathione and methionine have also been found to elicit
feeding behaviour in polychaetes (Mangum and Cox, 1971, Ferner and Jumars, 1999).
Ferner and Jumars (1999) found that complex organic mixtures generate the strongest
feeding responses in spionid polychaetes and several amino acids had a depressant
effect or no effect at all. This variability may be linked to individual variation, species
tested or experimental design. Responses may vary in species with alternative feeding

mechanisms.

Much work has been dedicated to investigating the responses of aquatic
organisms to general, non-specific cues such as predator conditioned water or fish
mucus (Dudman and de Wit, 2021, Schaum et al., 2013, Dijk et al., 2016, Abreu et al.,
2016). While the results of these experiments are interesting, they are inherently limited
because the chemical cue is not known. This means that cue concentration cannot be
controlled and restricts the conclusions that can be drawn from behavioural responses.
It also prevents any conclusions on the chemistry involved in cue detection such as
whether alterations in chemical conditions (such as pH) interfere with the signalling

molecules.

The experiments conducted in this chapter investigated whether a range of
chemicals could act as a synthetic food or predator warning cue, as has been noted in
other groups (e.g. fish (Mathuru et al., 2012) and crustaceans (Rittschof and Cohen,
2004). It was expected that predator cues would lead to a reduction in out of burrow

activity and food cues would encourage out-of-burrow and feeding behaviour.

H. diversicolor is omnivorous and has numerous feeding strategies including

hunting species smaller than itself, scavenging, deposit feeding from the sediment
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surface and filter feeding (Barnes, 1994). It is able to actively hunt for food, leaving it’s
burrow entirely, or it can collect detritus using mucus ‘nets’ and drawing sediment into
the net by creating a current with undulating body movements (Barnes, 1994). H.
diversicolor use several feeding mechanisms including deposit feeding, suspension
feeding and active hunting (Fauchald and Jumars, 1979, Harley, 1950). Their ability to
actively hunt and consume other organisms, as well as their broad, generalist diet,
makes them an ideal study species for testing responses to chemical food cues. They
are acommon and widespread species and are important ecosystem engineers providing
large scale bioturbation in intertidal sediments (Braeckman et al., 2014). Bioturbators
have important effects on their habitat, including; redistribution of organic matter;
stimulation of biogeochemical cycles leading to increased nutrient flux and
oxygenation of sediments (Braeckman et al., 2014). Because of their large population
size H. diversicolor, and other common bioturbating species likely have a significant

impact on European estuarine habitats (Braeckman et al., 2014).

Ocean acidification and warming

In 2011, the concentrations of greenhouse gases (CO2, CH4 and N2O) exceeded
records from ice cores spanning the past 800,000 years. Rising levels of atmospheric
COz since pre-industrial times has had a corresponding impact on ocean pCO- causing
a decrease in pH of 0.1 and a further decrease of up to 0.33 by 2100 is predicted (IPCC,
2013b, Portner et al., 2022, Hoegh-Guldberg and Bruno, 2010). Ocean pH typically
ranges from 7.7 to 8.2 with the highest pH occurring in the summer at high latitude
shallow waters and the lowest pH in very deep waters (Brewer Peter et al., 1995). Based

on IPCC (2013b) predictions this will decrease to a range of 7.28 to 7.7 by the end of
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the 21 century. By 2300 it is estimated that ocean pH will be as low as 7.38 (Hartin et

al., 2016).

The impact ocean acidification will have on chemical ecology is a rapidly
expanding subject. Some calcifying organisms will suffer due to the increased solubility
of calcium carbonate minerals at lower pH creating a CaCoz deficit (Widdicombe and
Spicer, 2008), with others able to acclimate to long term CO> perturbations (e.g. Form
and Riebesell, 2012) The impact of reduced pH on chemical signalling has been studied
much less, in part because of our lack of knowledge of the molecules responsible for
chemical signalling. Roggatz et al. (2016) found that reduced pH led to protonation of
peptides which are responsible for chemical signalling in the shore crab Carcinus
maenas. This altered the molecular charge and impacted receptor binding, reducing
normal behavioural responses to these chemical cues. In future oceans protonated

versions of signalling peptides will become more commonplace (Roggatz et al., 2016).

The ocean has absorbed more than 90% of additional energy added to the
climate system between 1971 and 2010 and surface temperatures increased by 0.11°C
per decade over this period (Bindoff et al., 2019). Global mean surface temperatures
are predicted to continue to increase to the end of the 21st century (2081-2100) relative
to 19862005, with RCP8.5 indicating an increase in the range of 2.6°C to 4.8°C.
Bhuiyan (2021) found that the impact of increased temperature exacerbated the
negative behavioural effects of reduced pH, with slower burrowing in H. diversicolor.
However, feeding rate was affected by pH but not temperature in this species. Godbold
and Solan (2013) found that the polychaete Alitta virens created deeper burrows in
summer months, but when exposed to future relevant temperature (+4°C above natural

mean or 14.36 (x 0.12°C)) conditions the overall burrow depth was shallower.
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Although they are considered to be pollution tolerant (Gillet et al., 2008), the
impact of reduced pH and increased temperature due to ocean acidification may have
more subtle impacts on this species. Interference with chemical signalling such as

predator detection and larval settlement cues could reduce survival rate dramatically.

The intention of this study was to investigate the response of the harbour
ragworm (H. diversicolor) to varying concentrations of artificial cues: dimethyl
sulphide (DMS), adenosine triphosphate (ATP), glutathione (GSH), taurine,
chondroitin sulphate, and urea. These chemicals have been found to induce avoidance
or feeding responses in other marine organisms (Rittschof and Cohen, 2004, Mathuru
et al., 2012, Mangum and Cox, 1971, Ferner and Jumars, 1999). Additionally, the
impact of reduced pH and increased temperature on these behavioural responses was
examined to draw conclusions on the impact these factors are having on the response

to signalling molecules.

2.1.3. Method
Worm collection and housing

Approximately 800 worms were collected from Hessle Foreshore, East
Yorkshire (53°42°52.94”N, 00°27°11.2”W). Worms (H. diversicolor) were collected at
low tide by digging up with a spade. Mature (green coloured) worms were not collected.
The Humber Estuary is one of the largest estuaries in the UK, draining more than 20%
of total English land surface area (Tappin et al., 2011). Major tributaries flowing into
the estuary include the Rivers Hull, Trent, Ouse, Wharfe, Aire, and Don. The Humber
Estuary European Marine Site is comprised of the marine components of the Humber
Estuary Special Area for Conservation, Special Protected Area and Ramsar site (Tappin
et al., 2011). The entire Humber Estuary (37,000Ha) were designated as a Site of

Special Scientific Interest and the estuary supports nationally important numbers of
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wintering waterfowl and waders. Intertidal mudflats and sandflats are one of several
interest features of the site (Winn et al., 2003, Lonsdale et al., 2022). The collection site
at Hessle Foreshore is easily accessible mudflat habitat, locally known for presence of
high densities of H. diversicolor. Although the Humber Estuary is home to a range of
polluting industries and has one of the UK’s biggest constellations of oil refining
industries (Eke et al., 2021) the majority of dredging occurs down estuary of the Hessle
Foreshore collection site (Lonsdale, 2013). Data from the 2008 to 2010 Environment
Agency sampling exercise indicated that metal, organotin, PCB and PAH
concentrations within Humber Estuary sediments are typically below Cefas action level
2, and the Hessle Foreshore collection site showed no pollutants above Cefas action
level 1 (Lonsdale, 2013). On site measurements of pore-water pH (using Hanna HI-
991301 handheld probe) and water temperature were taken. Sediment samples were
taken for contaminant analysis and particle size distribution analysis. Worms were
separated from the sediment by gently filtering with saline water and placed in one of
two ‘culture tanks’. The conditions in the culture tanks mimicked the natural
environment as closely as possible. The water temperature was kept at 18°C, water pH
was based on the measurements taken at the collection site (pH 8.1). Daylight (12h
light, 12h dark simulated with standard LED lighting) and moon light cycles (simulated
with a 6W UV LED lamp) were simulated using artificial lighting systems. The tanks
contained salinity appropriate rinsed sand and diluted natural seawater (18%.). Water
pH was controlled using JBL ProFlora pH control units. CO2 was bubbled through the
water to reduce the pH in each tank to a pre-set level. Worms were left to acclimate for
one week and fed three times per week on fish flakes. After this time the pH in one of
the culture tanks was reduced gradually over the period of one week. After one week

the tanks were set at pH 8.1 and 7.3. Worms remained in these conditions and
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reproduced within the tanks. The animals used in these experiments were not collected
from the wild but were second and third generation worms housed in static pH and
temperature conditions so no pre-acclimation was required. By using F2 and F3
generation worms the impacts of acclimation and acclimatisation were removed and
inter-generational, long term impacts of pH could be assessed. The temperature that
worms were kept in (18°C) is representative of UK summer temperatures and the
constant temperature prevented large scale maturation events. Temperature was
controlled using an Airco air conditioning system which controlled room temperature.
High temperature conditions (22°C) was controlled using a Hygger 300W aquarium
heater. During maturation worms divert energy resources into gamete development
prior to spawning and this has the potential to affect behaviour, growth and metabolism

(Hardege, pers. comm, March 2021).

The pH of the water used was based on current average ocean pH (8.1) and
predictions of ocean pH in 2100 based on IPCC RCP8.5 scenarios (pH 7.3) (IPCC,
2013b, Hartin et al., 2016). RCP8.5 is a high emission scenario and was chosen to test
response to more extreme pH change. Additionally, estuarine waters undergo
complexities such as fresh water and nutrient input, therefore the impacts of climate
change are more difficult to predict. However, increased rates of algal blooms in
estuarine habitats are predicted to increase hypoxic, acidic conditions and the more
extreme climate scenarios were chosen to represent this (Bindoff et al., 2019).
Similarly, temperature conditions used (18°C and 22 °C) were based on UK summer
water temperatures (18°C) and IPCC predictions of an increase in average surface

temperatures of 4.8 °C.

Protocol — Bioassays
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Figure 2.1 shows the bioassay set up. Bioassays were set up with 20 worms
tested in each. Water pH and temperature was controlled. Salinity and oxygen levels
were kept constant via water cycling. At the entrance to each worm burrow and dose of
chemical cue was added and the behaviour of the worms was monitored via CCTV
recording. The assays were completed in the dark under infrared (IR) light because H.
diversicolor are nocturnal and therefore are more active at night (Last, 2003). The pH
in each header tank was maintained using a JBL ProFlora pH control units, with CO>
bubbled through the water in order to reduce the pH. Worms were assayed in the same
pH conditions that they were raised in i.e. worms from the pH7.3 culture tank were
assayed in pH7.3. Experiments took place in a temperature controlled room set at 18
°C, with an aquarium heater used to produce the 22 °C condition. Twenty similar size,
immature worms were selected from the culture tank (after 24 hours starvation), and
added to the assay containers as shown in Figure 2.1 (ten in each side of the system).
They were given one hour to acclimate and create a burrow with water cycling on in
order to prevent the build-up of metabolites or reduction in pH. Wet weight of worms
were taken by blotting individuals dry and weighing to £0.0001 using Mettler College
scales. Glass containers were capped with mesh to prevent escape prior to the assays.
The same twenty worms were used for all concentrations tested. Worms were replaced

when a new pH/ temperature condition was tested.
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Figure 2. 1: A. Bioassay setup— Ten worms were added to each assay container. They
were given one hour to create a burrow with water cycling on. Worms were pre-
weighed prior to the assays. Each worm was in an individual glass container to allow
individual monitoring and containers were capped with mesh to prevent escape. Each
container had its own syringe to allow accurate cue delivery. Before adding the
chemical cue, mesh was removed to allow a clear line of sight for recording. Assays
were conducted 1 hour after ‘sunset’, when the lights were turned off. B. Numerical
layout of the test tubes in the assay container to allow individual monitoring of

wormes.
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Following the one hour burrowing a chemical food or predator cue (dissolved in 18%
Artificial Seawater) at a set concentration (ranging from 1x107° to 1x102M) was added to each
glass container simultaneously using a syringe dosing system. 18% salinity Artificial Seawater
was used as a control and was added using the same method. Chemical cues were added from
the lowest concentration (1x10°M) to the highest concentration (1x102M), with a tenfold
increase in concentration between each addition. At each concentration, worm behaviour was
monitored for thirty minutes using infrared cameras connected to a computer. Activity tracking
software (Loligo Lolitrack Activity Tracker V1) was used to analyse the footage for worm
activity, defined as any time that a worm emerges from their burrow. The water pH and

temperature were monitored throughout the assay using fixed JBL probes.

Statistical analysis

After testing for normality with a Shapiro-Wilk’s test and homogeneity of variance with
a Levene’s test, for each of the chemical cues, a robust factorial repeated measures ANOVA
was computed in R using the WRS2 package (Mair and Wilcox, 2020). The WRS2 package
provides an implementation of a robust heteroscedastic repeated measurement ANOVA based
on the trimmed means. This investigated the overall affects of pH, temperature and cue
concentration on the response variable (percentage active time). To test the impact of cue
concentration on the response variable compared to the control (an equal volume of 18%.
artificial seawater), a Dunn’s multiple comparison test with Bonferroni correction was used.
Finally, to investigate the correlation of chemical dose-response at each of the separate pH/
temperature conditions tested the open source software Dr Fit (Di Veroli et al., 2015) was used
to fit multiphasic curves to the data. Once a curve was fitted, EC1o was calculated to allow
comparison of the chemical cue concentration required to elicit 10% active time (when

compared to the control).
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2.1.4. Results

Sediment samples taken from the collection site at Hessle Foreshore were analysed for
contaminants and particle size distribution. The sediment was found to be ‘very fine sandy very
coarse silt’ and contaminant metals were found to be lower than the national average with the
highest levels consisting of aluminium (50,410.12ppm), potassium (19696.13ppm), and iron

(43,111.17ppm).

Response of ragworms to each chemical cue was tested for the same range of
concentrations. Activity was measured as the percentage of time worms spent out of their
burrow and this was considered a feeding response. All cues were tested at four environmental
conditions with the exception of ATP due to loss of the bioassay video recordings for the pH7.3,

22°C condition.
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Figure 2. 2: Response of ragworms (Hediste diversicolor) to the chemical food cue dimethyl

sulphide. Activity was measured as the percentage of time spent out of the burrow during a
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30 minute recording, n=20 for each condition. Response was tested in four pH/ temperature
conditions, namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C. Cue concentrations
ranging from 1x10°M to 1x10°M were tested at ten times dilution between concentrations.
A control was tested with the addition of water alone. Points show the group mean and bars
show standard error. Significance stars show those points that are significantly different to

the control (Signif. codes: *** = p<0.001, ** = p< 0.01, * = p< 0.05)

Figure 2.2 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. H.
diversicolor responded significantly to DMS in all pH/ temperature conditions tested compared
to the control (see significance stars on Figure 2.2 and full statistics in table S2.2 to S2.5 in
Supplementary Materials). A significant difference in activity compared to the control was
found: At pH8.1, 18°C at concentrations of 1x102M (p=0.01), 1x10®M (p<0.001), 1x10°M
(p=<0.001); at pH8.1, 22°C at concentrations of 1x10°M (p=0.02), 1x10°M (p=0.04), 1x10-
®M (p<0.001), 1x10°M (p=0.01); at pH7.3, 18°C at concentrations of 1x10'M (p=0.04), 1x10-
8M (p=0.02). The concentrations that the worms responded significantly to differed depending
on water pH/temperature. Across all four conditions there is an apparent increase in activity
levels at very low concentrations of DMS (in the range of 1x10°M to 1x10°M) when compared
to the control. At 18°C the activity levels are reduced at pH7.3 when compared to pH 8.1 at the
lowest concentration (1x10°M). Above this concentration activity levels are similar between
the two different pH conditions, with a second divergence at the highest concentration (1x10

2M) where once again, activity levels are much higher at pH 8.1 compared to pH7.3.

Dose -response curves were fitted to each of the response lines in Figure 2.2 (see
supplementary materials) and the concentration of cue that elicited 10% activity compared to

the control (EC10) was computed for each of these curves. Table 2.1 below shows the results
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of this analysis. The EC1o cue concentration was lowest in pH8.1, 18°C and highest in pH7.3,

18°C.

Table 2. 1: The concentration of cue that elicited 10% activity compared to the control level
(EC10) was calculated to allow comparison of cue response between the pH/ temperature

conditions tested.

Condition EC10 (M)

pH8.1, 18°C 1.26x1071°

pH8.1, 22°C 1.87x10710

pH7.3, 18°C 9.46x10°°

pH7.3, 22°C 1.42x10°°

A robust factorial repeated measures two-way ANOVA indicated that temperature had
a statistically significant impact on the response variable, activity (F =29.49, p<0.001) whereas
pH did not have a statistically significant effect (F=0.08, p=0.78). A statistically significant

interaction effect of pH and temperature on activity was found (F=7.36, p=0.007).
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Figure 2. 3: Response of ragworms (Hediste diversicolor) to the chemical food cue ATP.
Activity was measured as the percentage of time spent out of the burrow during a 30 minute
recording, n=20 for each condition. Response was tested in three pH/ temperature
conditions, namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C. Cue concentrations ranging from
1x102M to 1x10°M were tested at ten times dilution between concentrations. A control was
tested with the addition of water alone. Points show the group mean and bars show
standard error. Significance stars show those points that are significantly different to the

control (Signif. codes: *** = p<0.001, ** = p< 0.01, * = p< 0.05)

Figure 2.3 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. H.
diversicolor responded significantly to ATP only at pH8.1, 22°C compared to the control at
four of the concentrations tested (see significance stars on Figure 2.3 and full statistics in table
S2.6 to S2.8 in Supplementary Materials). A significant difference in activity compared to the

control was found: At pH8.1, 22°C at concentrations of 1x10?M (p=0.005), 1x10"'M

99



(p=0.002), 1x10®8M (p=<0.001) and 1x10°M (p=0.01). The worms did not respond

significantly to ATP at pH 8.1, 18°C or pH7.3, 18°C compared to the control response level.

Dose -response curves were fitted to each of the response lines in Figure 2.3 (see
supplementary materials) and EC1o was computed for each of these curves. Table 2 below
shows the results of this analysis. The EC1o cue concentration could not be computed for pH8.1,
18°C due to the poor correlation between concentration and activity. EC1owas lowest in pH8.1,

22°C and highest in pH7.3, 18°C.

Table 2. 2: The concentration of cue that elicited 10% activity compared to the control level
(EC10) was calculated to allow comparison of cue response between the pH/ temperature

conditions tested.

Condition ECi0(M)

pH8.1, 18°C /

pH8.1, 22°C 1.27x1010

pH7.3, 18°C 2.96x10°®

A robust factorial repeated measures two-way ANOVA indicated that the pH/
temperature interaction had a statistically significant impact on the response variable, activity
(p=0.001). The individual effect of pH was not significant (p=0.35) but temperature did have

a significant effect on activity (p=0.005).
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Figure 2. 4: Response of ragworms (Hediste diversicolor) to the chemical food cue taurine.
Activity was measured as the percentage of time spent out of the burrow during a 30 minute
recording, n=20 for each condition. Response was tested in three pH/ temperature
conditions, namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C. Cue concentrations
ranging from 1x1072M to 1x10°M was tested at ten times dilution between concentrations. A
control was tested with the addition of water alone. Points show the group mean and bars
show standard error. Points show the group mean and bars show standard error.
Significance stars show those points that are significantly different to the control (Significant.

codes: *** =p<0.001, ** = p< 0.01, * = p< 0.05)

Figure 2.4 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. H.

diversicolor responded significantly to taurine compared to the control in all four pH/
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temperature conditions tested (see significance stars on Figure 2.4 and full statistics in table
S2.10 to S2.13 in Supplementary Materials). A significant difference in activity compared to
the control was found: At pH8.1, 18°C, at concentrations of 1x102M (p<0.001), 1x103M
(p=0.02), 1x10°°M (p=0.006), 1x10"M (p=0.04), 1x108M (p=0.03), 1x10°M (p<0.001); at
pH8.1, 22°C, at concentrations of 1x10°M (p<0.001); at pH7.3, 18°C, at concentrations of
1x10%M (p=0.01), 1x10°'M (p=0.02), 1x10M (p<0.001); at pH7.3, 22°C, at concentrations of
1x102M (p=0.004), 1x10°M (p<0.001), 1x10* (p=0.001), 1x10® (p=0.004), 1x10"M
(p=0.003), 1x108M (p=0.01) and 1x10°M (p<0.001). The concentrations that the worms
responded significantly to differed depending on water pH/ temperature. The worms had the
strongest response (measured in terms of activity, or percent active time) at the lowest cue
concentrations tested (1x10°M and 1x10®M). A strong secondary peak in response was
observed at the highest concentrations tested (1x10-3M and 1x102M) only in pH8.1, 18°C and

pH7.3, 22°C.

Dose -response curves were fitted to each of the response lines in Figure 2.4 (see
supplementary materials) and EC10 was computed for each of these curves. Table 1.3 below
shows the results of this analysis. The EC1o cue concentration was lowest in pH8.1, 22°C with
only marginally higher EC1o concentration in pH8.1, 18°C. The EC1o was slightly higher for

pH7.3 at both 18°C and 22°C.

Table 2. 3: The concentration of cue that elicited 10% activity compared to the control level
(EC10) was calculated to allow comparison of cue response between the pH/ temperature

conditions tested.

Condition EC10 (M)

pH8.1, 18°C 1.2x10710

pH8.1, 22°C 1.07x10°10
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pH7.3, 18°C 3.29x10°%°

pH7.3, 22°C 5.49x1071°

A robust factorial repeated measures two-way ANOVA indicated that pH had a
statistically significant impact on the response variable, activity (F=4.3, p=0.039) whereas
temperature did not have a statistically significant effect (F=3.4, p=0.066). A statistically

significant interaction effect of pH and temperature on activity was found (F=32.5, p<0.0001).
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Figure 2. 5: Response of ragworms (Hediste diversicolor) to the chemical food cue GSH.
Activity was measured as the percentage of time spent out of the burrow during a 30 minute
recording, n=20 for each condition. Response was tested in three pH/ temperature
conditions, namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C. Cue concentrations
ranging from 1x10°M to 1x10°M was tested at ten times dilution between concentrations. A

control was tested with the addition of water alone. Points show the group mean and bars
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show standard error. Significance stars show those points that are significantly different to

the control (Signif. codes: *** = p<0.001, ** = p< 0.01, * = p< 0.05)

Figure 2.5 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. H.
diversicolor responded significantly to GSH compared to the control in all four pH/
temperature conditions tested (see significance stars on Figure 2.5 and full statistics in table
S2.15 to S2.18 in Supplementary Materials). A significant difference in activity compared to
the control was found: At pH8.1, 18°C, at concentrations of 1x10"M (p<0.001), 1x10°M
(p<0.001) and 1x10°M (p<0.001); at pH8.1, 22°C, at concentrations of 1x10*M (p=0.03),
1x10°M (p<0.001), 1x10°M (p=0.03), 1x10M (p=0.002), 1x10°M (p=0.03); at pH7.3,18°C,
at concentrations of 1x10°°M (0.006), 1x10®M (p=<0.001) and 1x10°M (p=0.003); at pH7.3,
22°C, at concentration of 1x10°M (p=0.002), 1x10°M (p<0.001), 1x10'M (p<0.001), 1x10-
8M (p=0.03) and 1x10°M (p=0.03). The cue concentration range that the worms responded
significantly to was similar in all four pH/ temperature conditions. The worms had the strongest
response (measured in terms of activity, or percent active time) at the lowest cue concentrations
tested (1x10°M and 1x10¥M) with the exception of pH7.3, 22°C which peaked at 1x107M. At
18°C activity levels dropped strongly at high cue concentrations (1x10*M and higher) but this

reduction was not as pronounced at 22°C.

Dose -response curves were fitted to each of the response lines in Figure 2.5 (see
supplementary materials) EC1o was computed for each of these curves. Table 2.4 below shows
the results of this analysis. The EC1o cue concentration was lowest in pH8.1, 18°C with higher

EC10 concentration in all other pH/ temperature conditions tested.
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Table 2. 4: The concentration of cue that elicited 10% activity compared to the control level
(EC10) was calculated to allow comparison of cue response between the pH/ temperature

conditions tested.

Condition EC10 (M)

pH8.1, 18°C 7.57x1012

pH8.1, 22°C 2.28x1010

pH7.3, 18°C 1.98x10710

pH7.3, 22°C 3.65x10%°

A robust factorial repeated measures two-way ANOVA indicated that pH had a
statistically significant impact on the response variable, activity (F=4.4, p=0.037) as did
temperature (F=12.5, p=0.0005). No statistically significant interaction effect of pH and

temperature on activity was found (F=2.8, p=0.095).
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Figure 2.6: Response of ragworms (Hediste diversicolor) to the chemical cue chondroitin
sulphate. Activity was measured as the percentage of time spent out of the burrow during a
30 minute recording, n=20 for each condition. Response was tested in four pH/ temperature
conditions, namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C. Cue concentrations
ranging from 1x1072M to 1x10°M was tested at ten times dilution between concentrations. A
control was tested with the addition of water alone. Points show the group mean and bars
show standard error. Points show the group mean and bars show standard error.
Significance stars show those points that are significantly different to the control (Signif.

codes: ***=p<0.001, ** = p<0.01, * = p< 0.05)

Figure 2.6 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. At 18°C
Hediste diversicolor showed a non-significant reduction in activity compared to the control for
concentrations between 1x10® to 1x10“M. This was true for both pH8.1 and pH7.3 at 18°C.

At 22°C a significant increase in activity was observed (see significance stars on Figure 2.6
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and full statistics in table S2.25 to S2.28 in Supplementary Materials). A significant difference
in activity compared to the control was found: At pH8.1, 22°C, at concentrations of 1x10°M
(p=0.007), 1x10”"M (p=0.003), 1x108M (p<0.001) and 1x10°M (p=0.01); at pH7.3, 22°C, at
concentration of 1x102M (p=0.01), 1x103M (p=0.05), 1x10°M (p<0.001), 1x10°M

(p<0.001).

Dose -response curves were fitted to each of the response lines in Figure 2.6 (see
supplementary materials) and the concentration of cue that elicited 10% activity (EC10) was
computed for each of these curves. Table 2.5 below shows the results of this analysis. The EC1o
could not be calculated for pH8.1, 18°C due to the low response elicited by chondroitin
sulphate. The EC1o concentrations were similar for both pH levels tested at 22°C, with much

higher EC1o found at pH7.3, 18°C.

Table 2. 5: The concentration of cue that elicited 10% activity compared to the control level
(EC10) was calculated to allow comparison of cue response between the pH/ temperature
conditions tested. Due to lack of response in pH8.1, 18°C, EC1o could not be calculated and

ECs was calculated instead.

Condition ECi0 (M)

pH8.1, 18°C /

pH8.1, 22°C 6.56x1071°

pH7.3,18°C 3.97x10°®

pH7.3, 22°C 1.33x1010

A robust factorial repeated measures two way ANOVA indicated that pH had a
statistically significant impact on the response variable, activity (F= 3.9, p=0.0497) as did
temperature (F=40.6, p<0.001). No statistically significant interaction effect of pH and

temperature on activity was found (F=0.3, p=0.595).
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Figure 2. 7: Response of ragworms (Hediste diversicolor) to the chemical cue urea. Activity
was measured as the percentage of time spent out of the burrow during a 30 minute
recording, n=20 for each condition. Response was tested in four pH/ temperature conditions,
namely pH 8.1, 18°C; pH8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C. Cue concentrations ranging
from 1x10°M to 1x10°M was tested at ten times dilution between concentrations. A control
was tested with the addition of water alone. Points show the group mean and bars show
standard error. Points show the group mean and bars show standard error. Significance
stars show those points that are significantly different to the control (Signif. codes: *** =

p<0.001, ** = p< 0.01, * = p< 0.05)

Figure 2.7 illustrates the dose-response chart of the percentage time worms spent out
of their burrows (percentage active time) in a range of pH/ temperature conditions. At pH8.1,
18°C H. diversicolor showed a significant reduction in activity compared to the control for
concentrations between 1x107 to 1x102M. AtpH?7.3, 18°C, although activity levels were lower

than the control at most concentrations, the reduction was non-significant. At 22°C, no
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significant difference between control activity levels and activity levels after the addition of
urea at either pH8.1 or pH7.3 (see significance stars on Figure 2.7 and full statistics in table
S2.21 to S2.24 in Supplementary Materials). A significant difference in activity compared to
the control was found: At pH8.1, 18°C, at concentrations of 1x102M (p=0.005), 1x103M

(p=0.004), 1x10*M (p=0.01), 1x10°M (p=0.01), 1x10°M (p=0.04), 1x10"M (p<0.001).

Dose -response curves were fitted to each of the response lines in Figure 2.7 (see
supplementary materials) and the concentration of cue that elicited 10% activity (EC10) was
computed for each of these curves. Table 2.6 below shows the results of this analysis. Due to
the low and variable level of response, dose response curves could only be fitted to for pH7.3,
22°C. ECyo could not be calculated for pH8.1, 18°C, pH7.3, 18°C or pH8.1, 22°C due to the
low response elicited by urea.

Table 2. 6: The concentration of cue that elicited 10% activity compared to the control level

(EC10) was calculated to allow comparison of cue response between the pH/ temperature

conditions tested.

Condition ECi0 (M)

pH8.1, 18°C /

pH8.1, 22°C /

pH7.3, 18°C /

pH7.3, 22°C 0.00415

A robust factorial repeated measures two-way ANOVA indicated that pH did not have
a statistically significant impact on the response variable, activity (p=0.19) nor did temperature
(p=0.089). However, a statistically significant interaction effect of pH and temperature on

activity was found (p=0.022).
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2.1.5. Discussion
Chemical food cues

DMS, ATP, GSH and taurine all appear to act as a food-cues to H. diversicolor, eliciting
significantly increased activity levels compared to the control at a range of concentrations.
Although response varied across the conditions tested, all of these chemical food cues elicited
a significant response at the lowest concentration tested (1x10°M) in some conditions. pH 8.1,
18°C (except for ATP) and pH8.1, 22°C were the conditions that elicited a significant response
at the lowest concentration across all chemical food cues tested, suggesting that these are
favourable environmental conditions for H. diversicolor to sense and respond to these
chemicals. The EC1o concentrations varied by several orders of magnitude depending on the
chemical cue and condition. Notably, GSH had very low EC1o concentrations, particularly at

pH8.1, 18°C (EC10=7.57x1012).

It is possible that the response levels observed at such low concentrations are linked to
the experimental setup. The assays were run in artificial seawater made up with purified water
creating an artificially clean environment with few other chemical signals (Crane et al., 2022).
This potentially acted to allow the ragworms being tested to sense the cue at a lower
concentration than expected. The food cues tested show an initial peak in response at the lowest
concentrations followed by a drop off in activity levels as concentrations increase (typically in
the range of 1x107 to 1x10™*M but this varies depending on the cue and condition tested). This
may be due to the higher concentrations overwhelming the animal’s sensory system causing
them to respond at a lower rate, as has been observed in Caenorhabditis elegans (Colbert and
Bargmann, 1995, Ardiel and Rankin, 2010). The drop off in activity could also be due to
negative learning by the animals, whereby the response to the cue elicits no reward leading to
a reduced level of further response to the cue. Evans (1969) identified rapid habituation to

changes in illumination, shadowing, noise and touch in H. diversicolor with reduced responses
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observed after as few as two shadowing stimulants (shadowing was conducted every 30
seconds) and continued diminishing response to the maximum of 40 stimulants. Several of the
food cues tested (DMS, ATP and taurine) showed a secondary increase in activity levels at
very high concentrations of cue (in the range of 1x10°M to 1x102M). These are higher
concentrations than would be expected in nature and may be causing a secondary reaction due
to stress. Previous studies have found that Nereid worms are 18 times more likely to abandon
their burrows or ‘surface’ (partially exit the burrow) in response to hypoxia stress compared to
tubificid-like worms and small spionid-like worms (Sturdivant et al., 2012). A similar

‘surfacing’ behaviour could be occurring in response to high concentrations of cue.

The water pH had a significant impact on the percent active time for taurine and GSH.
Reduced pH has been found to impair the ability of H. diversicolor to find a food cue (Feugere
etal., 2021) as well as reduce feeding behaviour (Bhuiyan, 2021). Water pH is known to impact
the conformation state of some amino acids, shifting them between protonated and
unprotonated states (Vila-Vicosa et al., 2013, El Ibrahimi et al., 2019). This molecular level
alteration has been found to impact the ability of organisms to sense chemical cues (Roggatz
et al., 2016) and the results of this study indicate a similar mechanism occurring in H.

diversicolor for the amino acids taurine and GSH.

Temperature had a significant impact on the percent active time for DMS (p<0.001),
ATP and GSH. Increased temperature has been linked to slower regeneration rate in H.
diversicolor (Bhuiyan, 2021) but not specifically linked to varied response to food cues. Reef
fish (Pomacentrus chrysurus) have been found to take greater risks in response to food at higher
temperatures (Lienart et al., 2014) and a similar mechanism could be driving the disparity in

response seen in some of the chemical cues at higher temperature (in particular for ATP).
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The pH/ temperature interaction had a significant impact on the percent active time for
DMS, ATP and taurine. Temperature has been found to exacerbate the negative impacts of pH
on survival and burrowing in H. diversicolor (Bhuiyan et al, 2021) and has been linked to
reduced regeneration. The negative effects associated with reduced pH and increased
temperature on survival could drive the reduced activity observed at higher temperatures and

lower pH in this study.

Although this experiment is focussed on the impacts of pH and temperature on
behavioural responses in H. diversicolor, additional anthropogenically induced impacts, such
as heavy metal pollutants, could exacerbate negative effects driven by climate change. The
worms used in this experiment were bred and housed in clean conditions, however, sediment
analysis from the initial collection site identified above national average levels aluminium
(50,410.12ppm), potassium (19696.13ppm), and iron (43,111.17ppm). Exposure to a range of
pollutants, including cadmium and copper and pharmaceutical compounds including
paracetamol as well as emerging contaminants such as micro and nano-plastics and graphene
oxide nanosheets have all been found to reduce burrowing behaviour in H. diversicolor
(Moltedo et al., 2019, Pedro et al., 2022, Bonnard et al., 2009, Nogueira and Nunes, 2021, Silva
et al.,, 2020, Pires et al., 2022). Other physiological effects of pollutant exposure include
increased mucus production, reduced regenerative capacity, altered antioxidant status and
biochemical damage (Pires et al., 2022) Work on the combined effects of pollutants and
acidification and/ or temperature on H. diversicolor have had mixed results with some finding
no evidence of exacerbating impacts of these multiple stressors on physiology (when worms
were exposed to Hg in reduced pH conditions) (e.g. Freitas et al., 2017) and others identifying
increased oxidative stress in reduced pH conditions (when worms were exposed to carbon

nanoparticles) (De Marchi et al., 2019). Benthic invertebrates may be at increased risk of
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exposure to pollutants due to accumulation in sediments and the impacts of pollutants

combined with climate-driven stressors on behaviour is currently under-studied.

Chemical predator cues

Due to the low activity levels observed during the control, it was difficult to prove that
statistically significant reductions in activity were observed in response to the presence the
chemical predator cues tested. However, the data supports the conclusion that urea acts as a
predator-cue to H. diversicolor, eliciting significantly reduced activity levels compared to the
control at a range of concentrations. At 22°C, the response to urea was variable with higher
activity levels compared to 18°C, but no significant difference compared to the control.
Chondroitin sulphate caused a reduction in percent active time compared to the control at 18°C,
although this reduction was not significant. At 22°C the opposite response was observed, with
several concentrations eliciting a significant positive response. This response change between
18°C and 22°C is concerning if chondroitin sulphate acts as a predator cue and suggests that
H. diversicolor either cannot detect the cue or interpret it differently at higher temperatures

even though urea is stable across this range of temperatures.

Due to low response levels, EC1o could not be calculated for all the conditions tested.
The ECyo for urea (0.00415) could only be calculated for pH7.3, 22°C, where an increase in
activity was observed at very high cue concentrations. This increase in activity might be a stress
response to concentrations higher than would be experienced in nature. Chondroitin sulphate
EC1o values were calculated for the higher temperature conditions (pH7.3, 22°C and pH8.1,
22°C) and were similar for both of these conditions (1.33x102° M and 6.56x101°M
respectively). In these two conditions chondroitin sulphate appears to act as a food cue or

possibly stressor. At lower temperatures (pH7.3, 22°C and pH8.1, 22°C) ECjo could only be
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calculated for pH7.3 (0.00397M) because response levels were very low, suggesting that
chondroitin sulphate might be acting as a predator cue. Similarly to urea, the calculation of an
EC1o value for pH7.3, 18°C was possible due to an increase in activity which was observed at
very high cue concentrations. This increase in activity might be a stress response to

concentrations higher than would be found in nature.

For urea, a robust factorial repeated measures two-way ANOVA indicated that pH did
not have a statistically significant impact on the response variable, activity nor did temperature.
However, a statistically significant interaction effect of pH and temperature on activity was
found. As stated before temperature has been found to exacerbate the negative impacts of pH
on survival and burrowing in H. diversicolor (Bhuiyan et al, 2021) and has been linked to
reduced regeneration. The negative effects associated with reduced pH and increased
temperature could drive the variation in activity observed in different pH/temperature

conditions by driving complex risk/ response decisions in H. diversicolor.

In contrast, chondroitin sulphate showed that pH had a statistically significant impact
on the response variable, activity as well as temperature. However, no statistically significant
interaction effect of pH and temperature on activity was found. Reduced pH has been found to
impair the ability of H. diversicolor to find a food cue (Feugere et al., 2021) as well as reduce
feeding behaviour (Bhuiyan, 2021). This could explain the impact of reduced pH on activity.
The structure of chondroitin sulphate is relatively stable across a broad pH and temperature
range (pH6 to 11, pKa ~ 2.7 and 10 to 90°C) (Profant et al., 2019) suggesting that the variation

in activity is physiologically driven.
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DMS

Is it a food cue and at what concentrations?

DMS is an attractant cue in the marine environment, with organisms from reef fish
larvae to procellariiform seabirds responding positively to it (Nevitt et al., 1995, Foretich et al.,
2017) and is known to be emitted by marine phytoplankton (Dani and Loreto, 2017). However,
to the author’s knowledge, this is the first time it has been presented as a food cue in H.
diversicolor. DMS is acting as a food cue, drawing worms out of their burrows with
significantly higher activity than the control for a range of concentrations in all conditions
tested (see Figure 2.2). A significant response occurred at very low cue concentrations (1x10°
and 1x10M) in all pH/ temperature conditions tested suggesting high sensitivity to this cue.
The rapidly changing, high flow estuarine habitats that H. diversicolor are adapted to means
that sensing food cues quickly and at low concentrations would be advantageous (Powers and
Kittinger, 2002, Lunt and Smee, 2015). DMS is present in ocean surface waters at
concentrations around 2.35x10°M (global, annual average), depending on geographical
location and seasonality (Hulswar et al., 2021). The ability to sense DMS at the low
concentrations tested here would therefore be environmentally viable in fast flowing estuarine
environments where dilution occurs rapidly. In addition, the experimental setup used artificial
seawater made up with purified water creating an artificially clean environment with few other

chemical signals, which may lead to an enhanced response to low concentrations.

The impact of pH and temperature

A robust factorial repeated measures ANOVA was run to test for the effects of pH and
temperature on activity (see supplementary material for full analysis). Temperature had a

statistically significant impact on the response variable, activity (p<0.001) whereas pH did not
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have a statistically significant effect (p=0.78). A statistically significant interaction effect of
pH and temperature on activity was found (p=0.007). The EC1o values for each pH/ temperature
condition tested indicates high sensitivity to DMS in pH8.1, 18°C and pH 8.1, 22°C conditions
(EC10 1.26x107°M and 1.87x10°1°M respectively). The EC1o values for pH7.3, 22°C was a
factor of ten higher (1.42x10°M respectively) suggesting that a higher concentration of DMS
is required to elicit a response in these conditions. This reduced response could be caused by
lower feeding rate and impaired ability to find food cues in low pH that have been observed in

previous studies (Bhuiyan, 2021, Feugere et al., 2021).

Despite this variation in EC1o a robust factorial ANOVA indicated the pH alone did not have a
significant impact on percent active time (p=0.78) but temperature did (p<0.001), as did the

interaction between pH and temperature (p=0.007).

Lower response rates were seen at 22°C for the lowest concentration tested (1x10°M)
at pH8.1, however, this is compensated somewhat by a more sustained response, with higher
activity levels observed at 1x10'M and 1x10°M at this condition. At pH 7.3 temperature seems
to have the opposite effect with significantly increased levels of response activity at
concentrations ranging from 1x107°to 1x102M. This could either be linked to a stress response
at higher temperatures than the worms have been raised in, a greater response to food cues in
more energetically costly conditions or worms more able to sense this molecule across a greater
range of concentrations at higher temperatures. Goldenberg et al. (2018) identified increased
rates of risk taking and more foraging time in elevated temperatures in a mesocosm experiment

which could explain the increased response at pH7.3, 22°C.

Temperature has been found to exacerbate the effects of pH on reduced feeding rate,
reduced survival and reduced regeneration in H. diversicolor (Bhuiyan, 2021, Bhuiyan et al.,

2021b), so the significant interaction found here may be driven by reduced feeding rates and
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increased stress in warmer, more acidic conditions. Porteus et al. (2018) suggest that receptor
proteins of European sea bass (Dicentrarchus labrax) were impaired in high CO environments
leading to lower food and predator detection and a similar mechanism could be contributing to
the pH/ temperature differences observed in this experiment. DMS has been found to diffuse
out of solution, into the atmosphere, at a faster rate in reduced pH (Six et al., 2013) which may
be a contributing factor to the reduced response levels observed in this experiment at pH7.3 as
the concentration may reduce over the 30 min experiment. Temperature, however, has been
linked to higher diffusivity of DMS in solution which may be contributing to the sustained

response observed at 22°C (Gali and Simo, 2015)

ATP

Is it a food cue and at what concentrations?

ATP is thought to be a reliable indicator of the presence of live or freshly dead animals
and is used as a food cue by several crustacean and fish species (Kamio and Derby, 2017,
Wakisaka et al., 2017). However, to the author’s knowledge, this is the first time it has been
presented as a food cue in H. diversicolor. Unfortunately data for pH7.3, 22°C were unusable.
ATP appears to act as a food cue only in pH8.1, 22°C, drawing worms out of their burrows
with significantly higher activity than the control for a range of concentrations (see Figure 2.3).
A significant response occurred at very low cue concentrations (1x10° and 1x107M) in this
condition, suggesting high sensitivity in this condition. As already stated the rapidly changing,
high flow estuarine habitats that H. diversicolor are adapted to means that sensing food cues
quickly and at low concentrations would be advantageous, regardless of what cue is present
(Powers and Kittinger, 2002, Lunt and Smee, 2015). However, in all other conditions (pH8.1,
18 °C and pH7.3, 18 °C), ATP could not be considered a food cue, with response to all

concentrations not significantly different to the control response.
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The impact of pH and temperature

Overall ATP appears to be acting as a food cue only at pH8.1, 22 °C with significantly
increased activity peaking at a concentration of 1x108M. In this condition a secondary peak in
activity was observed at 1x102M. This is a higher concentration than would be expected in

nature and may be causing a secondary reaction due to stress.

A robust factorial repeated measures two-way ANOVA was run to test for the effects
of pH and temperature on activity (see supplementary material for full analysis). Temperature
had a statistically significant impact on the response variable, activity (p=0.001) whereas pH
did not have a statistically significant effect (p=0.35). A statistically significant interaction
effect of pH and temperature on activity was found (p=0.005). The EC1o values for each pH/
temperature condition tested indicates high sensitivity to ATP at pH8.1, 22°C (EC10=1.27x10°
10M). The EC1o value for pH7.3, 18°C could not be calculated due to low and variable response
across the concentrations tested. The ECyo for pH7.3, 18°C (EC10 = 2.96x10°M) is several
factors larger than for pH8.1, 22°C indicating that a much higher concentration of ATP is
required to elicit a response in these conditions and even at this concentration, response was
not significantly different from the control level. Goldenberg et al. (2018) identified increased
rates of risk taking and more foraging time in elevated temperatures in a mesocosm experiment
which could explain the increased response at pH8.1, 22°C. In addition, metabolic scope for
activity increases with temperature in H. diversicolor (Galasso HL, 2018) which could drive
an increase in non-cue related activity at 22°C. There is some evidence that ATP diffuses more
readily at higher temperatures (Hubley et al., 1996), which may facilitate chemoreception,
however, the stark difference between worm response at 18 and 22°C suggests a physiological

effect may be occurring at higher temperatures.
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Although pH did not have a statistically significant impact on response, the interaction
between pH and temperature did have a significant effect. ATP hydrolyses in agueous solutions
above pH7.4 (Simao et al., 2013), meaning the structures being detected by worms in pH8.1
may be the hydrolysed form (ADP). This combined with the increase in temperature may be
driving a shift to ADP (Levy et al., 1962) at sufficient concentrations to elicit the significant

positive response observed at pH8.1, 22°C.

TAURINE

Is it a food cue and at what concentrations?

Dissolved free amino acids are common food cues in marine environments (Kamio and
Derby, 2017, Kamio et al., 2021) and taurine has been documented as a chemical cue in other
polychaete species (Ferner and Jumars, 1999). Taurine is acting as a food cue, drawing worms
out of their burrows with significantly higher activity than the control for a range of
concentrations in all conditions tested (see Figure 2.4). A significant response occurred at very
low cue concentrations (1x107° or 1x10M) in all pH/ temperature conditions tested suggesting
high sensitivity to this cue. The rapidly changing, high flow estuarine habitats that H.
diversicolor are adapted to means that sensing food cues quickly and at low concentrations
would be advantageous (Powers and Kittinger, 2002, Lunt and Smee, 2015). Taurine is present
in ocean waters at concentrations ranging from around 2x10°M to 1.57x10®M, depending on
depth, geographical location and seasonality (Clifford et al., 2017). The ability to sense taurine
at low concentrations would therefore be a viable adaptation in fast flowing estuarine
environments where dilution occurs rapidly. In addition, the experimental setup used artificial
seawater made up with purified water creating an artificially clean environment with few other

chemical signals, which may lead to an enhanced response to low concentrations. A secondary
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increase in activity levels was observed at very high concentrations of cue (in the range of
1x10°3M to 1x102M) in pH8.1, 18°C and pH7.3, 22°C. These are higher concentrations than

would be expected in nature and may be causing a secondary reaction due to stress.

The impact of pH and temperature

A robust factorial repeated measures two-way ANOVA was run to test for the effects
of pH and temperature on activity (see supplementary material for full analysis). Temperature
did not have a statistically significant impact on the response variable, activity (p=0.066)
whereas pH did have a statistically significant effect (p=0.039). A statistically significant
interaction effect of pH and temperature on activity was found (p<0.0001). The EC1o values
for each pH/ temperature condition tested indicates high sensitivity to taurine across all
conditions, with slightly lower concentrations required to elicit EC1o response in pH8.1, 18°C
and pH8.1, 22°C (EC10 = 1.2x10"1°M and 1.07x1071°M respectively, compared to 3.29x10°M
and 5.49x1071°M for pH7.3, 18°C and pH7.3 22°C). This reduced response could be caused by
lower feeding rate and impaired ability to find food cues in low pH that have been observed in

previous studies (Bhuiyan, 2021, Feugere et al., 2021).

The results show that response rate varies significantly between pH 7.3 and pH 8.1 with
lower response rates at pH7.3 at the lowest concentrations (1x10°M) and peak activity
occurring at higher concentrations compared to pH8.1 (first peak at 1x10°M at pH8.1, 18C
compared to 1x10®M at pH7.3, 18C) as well as higher EC1o values at pH7.3 . The protonation
state of taurine is known to be pH sensitive and the change from zwitterion form to the
deprotonated form occurs across the pH range tested in this experiment (see Figure 8). At pH7.3
the population of zwitterions is much higher than at pH8.1, when the deprotonated form

becomes more abundant. The change in overall charge along with the associated alteration in
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conformation of the molecule in the zwitterion form may inhibit signal reception at the receptor

binding site (Roggatz et al., 2016).
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Figure 2. 8: Relative abundance of individual protonation states of taurine along with the
percentage change across the pH scale. Proportions are shown for protonation states
present between pH 0 and 14. The green shaded area indicates the pH range tested in this

study; from pH 8.1 to pH 7.3.

GSH

To the author’s knowledge, this is the first time it has been presented as a food cue in
H. diversicolor. GSH is acting as a food cue, drawing worms out of their burrows with
significantly higher activity than the control for a range of concentrations in all conditions
tested (see Figure 2.5). A significant response occurred at very low cue concentrations (1x10°
or 1x10M) in all pH/ temperature conditions tested suggesting high sensitivity to this cue.
The rapidly changing, high flow estuarine habitats that H. diversicolor are adapted to means

that sensing food cues quickly and at low concentrations would be advantageous (Powers and
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Kittinger, 2002, Lunt and Smee, 2015). The experimental setup used artificial seawater made
up with purified water creating an artificially clean environment with few other chemical
signals, which may lead to an enhanced response to low concentrations. GSH concentrations
are low in the marine environment (2x107° to 8x1071°M depending on geographical location,
depth and seasonality) and it has been hypothesised that rapid degradation to more stable y-
Glu—Cys occurs outside the cell (Dupont et al., 2006). For GSH to be present in its non-
degraded form would suggest the presence of damaged tissue in close proximity. This could

explain the low ECyo values observed for GSH.

The impact of pH and temperature

A robust factorial repeated measures two-way ANOVA was run to test for the effects
of pH and temperature on activity (see supplementary material for full analysis). Temperature
had a statistically significant impact on the response variable, activity (p=0.0005) as did pH
(p=0.037). However, no statistically significant interaction effect of pH and temperature on
activity was found (p=0.095). The ECyo values for each pH/ temperature condition tested
indicates high sensitivity to taurine across all conditions, with lower concentrations required to
elicit EC1o response in pH8.1, 18°C (ECio = 7.57x1012M). The ECyo values in all other
conditions were two factors of ten higher, suggesting that higher concentrations of GSH were
required to elicit the same response in these conditions. This reduced response could be caused
by lower feeding rate and impaired ability to find food cues in low pH that have been observed

in previous studies (Bhuiyan, 2021, Feugere et al., 2021).

The results show that response rate varies significantly between pH 7.3 and pH 8.1 with
lower response rates at pH7.3 at the lowest concentrations (1x10°M) and peak activity

occurring at higher concentrations compared to pH8.1 (first peak at 1x10°M at pH8.1, 18C
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compared to 1x10'M at pH7.3, 22C) as well as higher EC1o values at pH7.3 . The protonation
state of GSH is known to be pH sensitive and the change from protonated form to the
deprotonated form begins to occur across the pH range tested in this experiment (see Figure

2.9). At pH7.3 the proportion of Cys-SH molecules is higher than at pH8.1, when the Gly-NH,

form becomes more abundant. The change in overall charge along with the associated alteration
in conformation of the molecule in the deprotonated form may inhibit signal reception at the

reeptor binding site leading to increased response (Roggatz et al., 2016).
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Figure 2. 9: Relative abundance of individual protonation states of GSH along with the
percentage change across the pH scale. Proportions are shown for protonation states
present between pH 0 and 14. The green shaded area indicates the pH range tested in this

study; from pH 8.1 to pH 7.3.

CHONDROITIN SULPHATE

Chondroitin sulphate is a glycosaminoglycan (GAG) and has been identified as eliciting
a predator avoidance response in several aquatic species, primarily in fish (Mathuru et al., 2012,
Faulkner et al., 2017, Farnsley et al., 2016, Bajwa, 2020). Chondroitin sulphate is thought to

be present in the mucus of some fish, and is released from damaged club cells of prey fish
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species (Rittschof and Cohen, 2004) making it a good candidate as a predator cue. Interestingly,
at 18 °C ragworms appear to respond to this cue as a predator cue, with reduced levels of
activity when compared to the control (Figure 2.6). However, at 22 °C, this trend appears to
reverse with significantly higher levels of activity at all cue concentrations compared to the
control. The pH appears to have little effect. The results also indicate that climate change will
have an impact on the ability of H. diversicolor to sense and respond appropriately to food and

predator cues with the potential to impact survival in this keystone species.

The ECio concentrations were similar for both pH levels tested at 22°C (EC1o =
6.56x101%and 1.33x1071°M for pH8.1, 22°C and pH7.3, 22°C respectively), when chondroitin
sulphate appears to be acting as a food cue. A much higher EC1o found at pH7.3, 18°C
(0.00397M) reflecting the extreme concentrations required to elicit a response in this condition.
A robust factorial repeated measures two-way ANOVA indicated that pH had a statistically
significant impact on the response variable, activity (p=0.0497) as did temperature (p<0.001).
No statistically significant interaction effect of pH and temperature on activity was found
(p=0.595). Reduced pH has been found to impair the ability of Hediste diversicolor to find a
food cue (Feugere et al., 2021) as well as reduce feeding behaviour (Bhuiyan, 2021). This could
explain the impact of reduced pH on activity. Metabolic scope for activity increases with
temperature in H. diversicolor (Galasso HL, 2018) which could drive an increase in non-cue
related activity at 22°C. The structure of chondroitin sulphate is relatively stable across a broad
pH and temperature range (pH6 to 11, pKa ~ 2.7 and 10 to 90°C) (Profant et al., 2019)

suggesting that the variation in activity is physiologically driven.

UREA

Urea has been identified as a predator cue in several aquatic species (Brown et al., 2012,
Dallas et al., 2010). In this study urea has been found to act as a predator cue, reducing the time
worms spent out of their burrows with significantly lower activity than the control for a range
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of concentrations but only in pH8.1, 18°C (see Figure 2.7) which correspond to current
environmental conditions. A significant response occurred at cue concentrations ranging from
1x107 to 1x1072M) this condition. The EC1o for urea (0.00415) could only be calculated for
pH7.3, 22°C, where an increase in activity was observed at very high cue concentrations. This
increase in activity might be a stress response to concentrations higher than would be expected
in nature. Low levels of activity were observed across all conditions tested, with slightly more
variable results at warmer temperatures. Metabolic scope for activity increases with
temperature in H. diversicolor (Galasso HL, 2018) could drive an increase in non-cue related
activity at 22°C, although no significant difference between the controls was observed. Urea
protonates readily at reduced pH and this change in overall charge along with the associated
alteration in conformation of the molecule may inhibit signal reception at the receptor binding

site leading to altered response at pH7.3.

2.1.6. Conclusion

This is the first time that GSH and DMS have been observed as acting as a food cue for
H. diversicolor. This is also the first time that urea has been observed acting as a predator cue.
In addition, this is the first time worms have been observed with varied, and in some cases
opposite, response to chemical cues over a range of pH conditions. This is in spite of the worms
tested being adapted to specific pH and temperature, having been bred and raised in these
conditions. The results indicate a concerning change in behavioural response to food and
predator cues in low pH/ high temperature conditions. Climate change is likely to drive further
reductions in ocean pH and increases in temperature over the next century and, in estuarine
environments, this will lead to more time these extremes will be experienced. H. diversicolor
is regularly exposed to fluctuating pH and temperatures and was considered well adapted to
tolerate these conditions. The results of this study indicate that, although tolerant to these

fluctuations, the ability of this species to function effectively is reduced. This could have
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population level impacts on this keystone species as exposure to pH and temperature extremes

becomes more frequent and normalised.
Limitations

The chemicals used in this chapter have never previously been tested as food/ predator
cues for H. diversicolor and were selected based on known chemical cues from other marine
invertebrates as well as their likely dispersal properties. A wide range of concentrations were
tested because it was not known whether the worms would respond to these chemicals or at
what concentrations they would respond. Other experiments on marine invertebrates have
typically identified behavioural responses to chemical cues at concentrations between 1x10®
and 1x10°M (Chivers and Smith, 1998, Crane et al., 2022, Ferner and Jumars, 1999, Kamio et
al., 2021, Breithaupt, 2011), therefore a range that encompassed these concentrations was
selected. However, given that the results in this chapter often showed a significant behavioural
response of H. diversicolor to the chemical cues at the lowest concentration tested (1x10°M),
it would have been useful to test a range of lower concentrations in order to identify a lower

threshold concentration.

The experimental setup accounted for as many potential variables as possible
(maintaining light levels, temperature, pH, oxygen levels, salinity and using water cycling to
remove metabolites) and utilised a custom made dosing device to inject the same volume of
chemical cue to each worm at the same time. There were, however, some limitations associated
with the set up. In order to run the range of concentrations tested in each condition on the same
individuals, the concentrations were added from lowest (control) to highest concentration
(1x102M) in each test. Each concentration was ten times higher than the previous addition.

This was to remove the problem of adding a high concentration followed by a lower
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concentration to the same system which would cause contamination issues. There is a risk that

using the same order each time may have introduced bias into the results.

Finally, the majority of food cues showed an initial peak in activity followed by a
reduction in activity as cue concentration increased. There is a possibility that this was due to
negative learning by the worms. To investigate this further it would be interesting to run a
series of experiments that tested the response of the same individuals to chemical cues with

increasing delays between addition of cue.

127



3.0. Chapter 3

Acid Reflux: How Temperature and pH Alter Oxygen

Dynamics in Bioturbated Sediments.
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3.2. Acid Reflux: How Temperature and pH Alter Oxygen Dynamics in Bioturbated

Sediments.

3.2.1. Abstract

Climate scenarios predict an increase in ocean surface temperatures by up to 4.8°C by
2100, as well as an associated decline of water oxygen levels and, the ocean pH is predicted to
decrease by further 0.32 pH units. Reduced pH has been linked to increased oxygen demand in
marine organisms, in part due to the extra cost of internal ion balance homeostasis. In an ocean
with lower oxygen levels which induces higher biological oxygen demands, organisms will
need to acclimate or migrate in order to maximise their survival rate. Burrowing organisms,
traditionally believed to be somewhat protected from climate change, are often considered
ecosystem engineers due to their capacity to mix large amounts of sediment. In this study
oxygen planar optodes were used to investigate the impact of water temperature and water pH
on in-burrow oxygen levels and oxygen penetration depth using the polychaete harbour
ragworm Hediste diversicolor. The animals used in these experiments were not collected from
the wild but were second and third generation worms housed in static pH and temperature
conditions so no pre-acclimation was required. By using F2 and F3 generation worms the
impacts of acclimation and acclimatisation were removed and inter-generational, long term

impacts of pH could be assessed.

A factorial design was used to analyse the independent and combined effects of pH
(pH8.3, 7.7 and 7.3) and temperature (18 and 22 °C) on in-burrow oxygen levels as well as the
depth of oxygen penetration into the sediment from the burrow walls. In-burrow oxygen levels
were highly variable over a 12-hour period, with some burrows being vacated for short periods
leading to a rapid decline in Oz levels. Even when burrows were uninhabited, in-burrow oxygen
levels remained above those of the surrounding anoxic sediment. Warmer temperatures (22°C)
led to slightly higher Oxygen ratios, possibly linked to increased O2 requirements by H.
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diversicolor in these conditions which trigger an increased ventilation effort. At pH 7.3 and pH
8.1 the Oxygen ratio was reduced suggesting lower ventilation effort and/or reduced oxygen
demand by the worms. Oxygen penetration depth into surrounding sediments reduced with
declining pH and temperatures. These results indicate that future climate conditions may cause
an increase in sediment oxic zone, which in turn may cause alterations in aerobic respiration
and organic matter breakdown in marine sediments.
3.2.2. Introduction

Bioturbation is an ecosystem engineering process (Meysman et al., 2006) that
profoundly effects biogeochemical cycling (e.g. Kristensen, 2005, Kristensen and Kostka,
2005), redistribution of compounds such as nutrients, organic matter, oxygen and toxic
metabolites (e.g. Aller, 1994, Hedman et al., 2011) as well as trace element cycling, microbial
community composition (Kristensen and Kostka, 2005), sediment aeration and decomposition
of organic material (Canfield and Farquhar, 2009). Common species of benthic macrofauna
that actively rework sediment and irrigate burrows play an important role in ecosystem
functioning and should be given attention when considering the conservation of marine areas
(Braeckman et al., 2014). The presence of infaunal burrows increases the water-sediment
interface allowing additional solute exchange and creating micro-habitats for micro-fauna
(Kristensen, 1985). Molecular diffusion and water flow, including bioturbator driven flow,
drives oxygen transport into the sediments (Huettel and Gust, 1992). Increasing the oxic layer
in sediments allows an increase in the proportion of aerobic respiration. There is some evidence
that the breakdown of organic matter occurs faster in oxic conditions (Kristensen et al., 1995),
suggesting that the presence of burrows may increase this process in benthic sediments. The
radiation of marine invertebrates during the Cambrian is largely attributed to the evolution of
burrowing organisms and the creation of new ecospace (Bottjer et al., 2000, Solan and

Herringshaw, 2008). During past mass extinctions, the loss of burrowers has led to the
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preservation of unbioturbated, laminated sediments in the aftermath. Additionally, metrics such
as burrow size and depth (recorded by trace fossils) are used as a measure of environmental
stress during post-extinction recovery periods (Twitchett et al., 2001, Twitchett and Barras,

2004).

H. diversicolor is a burrowing polychaete worm found in intertidal and shallow
estuarine environments throughout Europe and North America (e.g. Scaps, 2002, Muus, 1967,
Heip and Herman, 1979, Kristensen, 1984). Population density is highly variable ranging from
35 to 3700 individuals/m?for adult worms depending on season and environmental factors such
as temperature, salinity and location (Scaps, 2002). A relationship between the feeding strategy
of an organism (e.g. suspension versus deposit feeders) and irrigation rate (and therefore solute
exchange with surface waters) has been identified in burrowing species (Kristensen and
Kostka, 2005). H. diversicolor use several feeding mechanisms including deposit feeding,
suspension feeding and active hunting (Fauchald and Jumars, 1979, Harley, 1950). They
produce mucus to stabilise their burrows and can build mucus nets outside their burrows to
catch detritus, which they then consume. The burrows of H. diversicolor are typically either
Y-shaped or U-shaped and the internal burrow conditions are stabilised by active irrigation

(Esselink and Zwarts, 1989).

The bioturbating activities of H. diversicolor have a crucial effect on ecosystem
functioning. The burrowing, biorrigation, and associated sediment reworking of H. diversicolor
has led to their classification as a keystone species. It has been suggested that its feeding
activity acts as a rate-limiting step in estuarine detritus processing (Moreira et al., 2006,
Mermillod-Blondin et al., 2005). Anything that impacts on their ability to burrow and irrigate
sediment could have complex effects on estuarine environments, limiting the processing of

organic matter and reducing aerobic respiration in the sediment.

131



The ocean has absorbed more than 90% of additional energy added in to the climate
system between 1971 and 2010 leading to surface temperatures increasing by 0.11°C per
decade over this period (IPCC, 2014; (Hoegh-Guldberg, 2014). Global mean surface
temperatures are predicted to continue to increase by the end of the 21st century (2081-2100)
relative to 1986-2005, with the IPCC’s ‘business-as-usual’ scenario (RCP8.5) predicting an
increase in the range of 2.6°C to 4.8°C. Elevated temperatures has been found to reduce
chaetiger regeneration, enhance metabolic capacity, reduce survival and induce oxidative stress
in ragworms. In addition, when increased temperatures were combined with reduced pH, these
effects were intensified (Bhuiyan et al., 2021b). Ectotherms such as H. diversicolor are likely
to respond to increasing temperatures with an associated increase in oxygen demand (Pértner,
2001). The full effects on marine benthic invertebrates are poorly constrained, in part due to
their ‘hardy’ nature and high tolerance to stress. However, as ecosystem engineers, any
alterations in the behaviour or survival of burrowers such as H. diversicolor has the potential

to meaningfully effect ecosystems (Ducrotoy et al., 2019, Hiddink et al., 2015).

Ocean pH has declined on average by 0.1 units since the beginning of the industrial
revolution as it absorbed approximately one third of anthropogenically released CO2 (Orr et
al., 2005, Steckbauer et al., 2015). A global decrease of up to 0.32 pH units is predicted by
2100 (IPCC, 2014). The associated alteration in carbonate chemistry is expected to have a
negative impact on vulnerable calcifying organisms and this is where research effort tends to
be focused (Kleypas and Langdon, 2006, Feely et al., 2004, Doney et al., 2009). The effects of
reduced pH have been found to vary significantly between species with some organisms able
to create more favourable pH conditions in the diffusive boundary layer around their surface.
Other mitigation factors include more efficient ion exchange, build-up of antioxidants,
buffering and CO. transport systems (Fabry et al., 2008, Ries, 2011, Freitas et al., 2016).

Harsher conditions will have implications on the physiology of all multicellular marine
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organisms. Maintenance of acid-base balance between extracellular body fluids (such as
haemolymph or blood) and intracellular fluids will be affected by increased water pH (Portner
and Farrell, 2008). Typically, in lower marine invertebrates, bicarbonate ions are used to
neutralise acidosis of extracellular fluids associated with reduced water pH (Portner and Farrell,
2008, Portner et al., 2004). Additional mechanisms of acid-base balance include: metabolic
consumption of protons and the active transport of ions that are equivalent to protons out of
cells (Michaelidis et al., 2005). Increased concentration of protons can further influence key
metabolites and interfere with some enzymatic reactions if the substrates involved differ due
to protonation (Portner and Bock, 2000). In addition, reduced water pH has been linked to
reduced metabolic rate and increased ammonia excretion in a number of species (Michaelidis
et al., 2005, Langenbuch and Poértner, 2002). Different organisms employ different types of
metabolic response based on length of exposure to stressors (Strader et al., 2020). The
upregulation of genes involved in lipid metabolism is observed in many experiments involving
long-term pCO2 stress response in a variety of taxa (Strader et al., 2020). All of these
mechanisms are associated with energetic costs, diverting resources from growth and

reproduction (Pdrtner and Bock, 2000).

Lower pH and higher temperatures associated with climate change may lead to an
increased oxygen demand by H. diversicolor (Pértner and Bock, 2000, Pértner, 2001) as well
as lower availability of oxygen (Conley et al., 2009). Such potential negative consequences on
ecosystems resulting from climate change-induced altered bioturbation pinpoints the need to

understand the effects of pH and temperature upon the behaviour of H. diversicolor.

Although calcifying organisms appear to be disproportionately affected by reduced pH,
changes in the global oceans will impact all marine organisms (e.g. Hendriks et al., 2010).
Hediste diversilcolor is a keystone species in estuarine environments and any impact climate
change has on these organisms may have ecosystem wide impacts. We evaluate the potential
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effects of water pH and temperature on H. diversicolor burrowing behaviour using 2D planar

oxygen optode imaging.

3.2.3. Methods

Experimental design — sampling and animal care

Approximately 800 adult specimens of Hediste diversicolor were collected from Hessle
Foreshore on the Humber Estuary in East Yorkshire, UK (53°42°52.94”N, 00°27°11.2”W) on
25" October 2018 by shovel sampling. The water temperature was recorded as 13.4°C, water
salinity was 12%o and water pH was 8.16 (using Hanna H1-991301 handheld probe). Worms
were then transported to the University of Hull where they were removed from the natural
sediment and placed in three tanks containing washed coral sand (4 cm depth) and 18%. salinity
(£1%o) water, which was constantly aerated with an air stone. The climate was controlled at
18°C, 12 hours light, 12 hours dark with natural moonlight cycles mimicked using a UV light.
The animals used in these experiments were not those collected from the wild but were second
and third generation worms housed in static pH and temperature conditions so no pre-
acclimation was required prior to experimentation. By using F2 and F3 generation worms the
impacts of acclimation and acclimatisation were removed and inter-generational, long term

impacts of pH could be assessed.

Initially animals were acclimated to pH 8.1 for one week, after which time the pH was
reduced gradually in two of the tanks by bubbling CO- through the water. After fourteen days
the tanks were set at pH 8.1 (+ 0.0081), pH 7.7 (x 0.0075) and pH 7.3 (= 0.0055). An air pump
was used to maintain oxygen levels in the tanks and an ‘AllPondSolutions’ aquarium filter with
activated carbon filter element (600 L per hour flow) maintained water clarity (see Figure 3.1).
The pH was recorded daily (supplementary materials). The pH of the water was controlled

using JBL ProFlora pH control units, which constantly monitored pH and triggered CO:
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bubbling if the pH reached 0.05 pH units above the specified level. (IPCC, 2013b). Worms

were held in a temperature controlled room at 18°C.

Several reproduction events occurred over the duration of this experiment across all
three tanks. The worms used in the experiments described in this paper were randomly selected
from F2 and F3 generation. The animals used in these experiments were not collected from the
wild but were second and third generation worms housed in static pH and temperature
conditions so no pre-acclimation was required. By using F2 and F3 generation worms the
impacts of acclimation and acclimatisation were removed and inter-generational, long term

impacts of pH could be assessed.

PH control
unit

Feedback

Figure 3. 1: Schematic diagram of pH control system used to house Hediste diversicolor. JBL
ProFlora control units were used to automatically adjust the pH of the water by triggering
the release of CO2 if the water pH rose by 0.05 pH units above the set level. A pH probe (1)
and temperature probe (2) were used to feed information to the pH control unit. An air
pump and air stone (3) bubbled air through the water to maintain oxygen levels. A second
air stone (4) was used to bubble the CO2 from a tank. 4cm depth of washed 3mm coral sand

(5) was used as sediment. Tanks were filled with 18%o salinity (+1%.) water diluted with
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purified water (6). All tanks were housed in a climate-controlled room in order to maintain

constant temperature, daily light/ dark cycles and monthly moon cycles.

Experimental design — test conditions

Six environmental conditions were tested (Figure 3.2): pH8.1/ 18°C, pH8.1/ 22 °C,
pH7.7/18 °C, pH7.7/ 22 °C, pH7.3/18 °C and pH7.3/ 22 °C. The pH conditions were chosen
based on: current average ocean pH (8.1); pH conditions predicted by 2100 based on the IPCC
RCP8.5 climate model (pH 7.7) (IPCC, 2013b) and a more extreme condition of pH 7.3 likely
to be found in future estuaries given a predicted decline of 0.32 pH units by 2100 based on the
same climate model (IPCC, 2013b). Worms were raised in a temperature controlled room held
at 18°C which is representative of UK summer temperatures. Using a constant temperature
prevented large scale maturation events. The warmer temperature condition (22°C) was
maintained using an aquarium heater and was based on RCP8.5 IPCC climate predictions ofan

increase in surface temperatures of between 2.6°C and 4.8°C.
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Figure 3. 2: Schematic illustrating the six pH/ temperature conditions used in this study.
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Oxygen penetration depth

In each condition burrows were analysed for in-burrow oxygen levels and oxygen penetration

depth.

Experimental design - optode foil set up

A PreSens VisiSens™ fluorescent sensor foil and detector unit were used in
combination with VisiSens AnalytiCal software to acquire two-dimensional maps recording
the O concentration in contact with the sensor foil (see Larsen et al., 2011, for a description of

optode imaging).

Optical oxygen sensing is underpinned by the reversible reaction of oxygen molecules

with a fluorescent dye layer on the foil. Light is then used to excite the electrons of a
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fluorophore molecule, which releases a quantum of luminescence light when it returns to its
ground state and this light is affected by the presence of oxygen. The presence of oxygen at the
excited fluorophore molecule reduces the intensity and/or the duration of luminescence
(Franke, 2005). Optical filters are used to separate the excitation light, which is typically blue
or green light, from the emitted light, which is typically red. A modified version of the Stern-
Volmer equation (Carraway et al., 1991) is used to calibrate images taken with a detector unit.
PreSens provide Oz sensor foils capable of providing accurate (+0.1% air saturation at 100%
air saturation and +0.02 % air saturation at 0% air saturation) oxygen concentrations at

temperature ranges of 5-45°C.

A two-point calibration was used for the oxygen sensor foils, which were calibrated in
the experimental setup shown in Figure 3.3. Anoxic sediment was used for the 0% oxygen
calibration (Co) and air saturated water was used to provide the data for the second calibration
point (C1). VisiSens AnalytiCal software was used to calculate the calibration curve and apply
this data to the images taken during each experiment. Calibration was done for each set of

images taken due to the sensitivity of the foils to changes in experimental setup.

The experimental setup for the sensor foils is shown in Figure 3.3. Natural sediment, which
was sieved to 250 um in order to remove macrofauna and added to a slim glass tank (8 cm x
20 cm x 25 cm) to a depth of 12 cm with the sensor foil attached to the largest outer face of the
tank. Marine Centre™ artificial seawater (18%o (£1%o)) was added to the tank and to a second
header tank (45 litre capacity). The water was cycled from the header tank to the experimental
tank and back using two adjustable mini water pumps, which were combined with float
switches to prevent overflow. The water in the header tank was bubbled with air and the pH
was set by bubbling CO> through the water and controlled using a JBL pH control unit.
Alkalinity and salinity were monitored daily throughout the experiment and before and after
image acquisition.
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Foil
Experimental sensor
tank

Figure 3. 3: Schematic diagram of the setup for opcode sensor foil experiments. The header
tank (45cm x 25cm x 25xm) contained seawater which was pH adjusted with a JBL ProFlora
control unit, which bubbled CO2 to reduce water pH. The experimental tank (25cm x 8cm x
25cm) contained natural, filtered sediment (3) and 18%o (+1%0) seawater. Float switches (1)
were used to prevent overflow and mini water pumps (2) were used to circulate the water

between the header tank and the experimental tank.

Three worms were added every 24 hours until a burrow was formed adjacent to the
sensor foil. Some of the burrows analysed had adjoining secondary burrows that were variously
oxygenated. These adjoining burrows were ignored, with only the main (deepest) burrow being
analysed. In each instance between six and fifteen worms were added to the experimental tank
before an adjacent burrow was formed. This corresponds to equivalent densities of between 30
and 75 individuals per m?. Although increasing the density of individuals present in the
sediment has been found to increase sediment permeability for densities ranging from 1000
individuals per m? to 9000 individuals per m? (Meadows and Tait, 1989), the density range in
this experiment is not thought to impact permeability. Once a burrow was created next to the

optode foil, image acquisition began at the next ‘dusk’ period and ran throughout dark hours.

Burrow O»
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The experimental setup is shown in Figure 3.3. Worms were added to the experimental
tank three at a time until a worm burrowed adjacent to the foil. Using the VisiSens camera and
AnalytiCal software one image taken every three minutes for a period of 12 hours in the dark.
Due to the difficulty in collecting 12 hour long time series, only one repeat for each pH/

temperature condition was obtained.

Average burrow O, was calculated using VisiSens AnalytiCal software by selection of
a region of interest. In order to gain an accurate depiction of in-burrow oxygen levels, a series
of 20 images (covering a one hour period) were selected during which time the burrows were
actively being utilised by a worm. This effect could be seen by consistently elevated O> level
(average in-burrow oxygen > 10% air saturation for the entire series). By removing periods
where the burrow was inactive, we were able to reduce the impact of low oxygen levels that
occur when a burrow is not being irrigated. In order to mitigate the effects of varying O levels
in the overlying water, an ‘Oxygen ratio’ was calculated by dividing the average oxygen level
in the burrow by the average oxygen level in the water overlying the burrow entrance (Oxygen

ratio = in-burrow oxygen / overlying water oxygen) (simplified from Pischedda et al., 2008 ).

O Penetration Depth

In order to compute oxygen penetration depth, defined as the distance from the
sediment surface to the point where oxygen levels reach 0% air saturation, a custom Matlab
script was created (see Supplementary Materiel) to process images based on the RGB (red,
green blue) levels at the sediment-water interface and at 0% O. Average distance between the
sediment surface contour and the 0% O contour was calculated in pixels. The number of pixels
was converted to mm using a scaling factor which was obtained by measuring the number of

pixels in 10mm for each image.
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Using inhabited burrows (where O, < 20% air saturation) a series of three consecutive
images were selected for penetration depth analysis based on the quality of the burrow image
and the oxygen levels within the burrow (higher in-burrow oxygen levels were selected). The
average penetration of oxygen into the sediment surrounding burrow walls was calculated and
averaged over the 3 images. Between 6 and 8 repeats were acquired for each of the six pH/

temperature regimes.

When using planar optode sensors to measure oxygen around cylindrical burrows a
small increase in the penetration depth is incurred due to the removal of sediment at the optode
sensor, which replaced sediment that would consume oxygen (Murphy and Reidenbach, 2016,

Glud, 2008).

In order to accurately detect oxygen penetration depth, an image analysis was
conducted using a custom Python script (see Supplementary Materials for script). Initially
images were cropped to a section of the burrow. Cropping was selected based on the quality of
the image and, where possible, a section approximately half way down the burrow was used.
A Gaussian filter was applied to all images to reduce noise. Contours were drawn based on the
colour at the sediment/ burrow interface and the colour at 0 % air saturation of oxygen. A
dilation and erosion function was applied to fill in any gaps in the contour line. A mask was
then applied to the image and the oxygen penetration depth (in pixels) was computed by
counting the number of white pixels (which represent oxygen penetration depth) in each image

row.

Data screening

Due to the complexity of the experimental setup and difficulty in getting a worm to burrow
directly adjacent to the planar optode foil as well as worms frequently leaving their burrows,

there was a limited number of successful image acquisition runs. In order to make the most of
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the successful acquisition runs burrow images were selected based on best available sequences:
1) in burrow O levels (continually above 10% air saturation for the oxygen gradient
measurements and above 20% air saturation for the O» penetration depth measurements). This
ensured that the burrows were inhabited. 2) Images were taken every 3 minutes and a time-
series of 20 successive images (equating to one hour) were selected for oxygen gradient
measurements. For oxygen penetration depth measurements a series of 3 successive images
(equating to 9 minutes elapsed time) were selected. Screening out burrow images with low
oxygen levels removed the issue of analysing uninhabited burrows. A higher minimum oxygen
level was used for the oxygen penetration measurements so as to identify penetration depth in

actively ventilated inlet burrows.

Statistical Analysis

A Shapiro-Wilks test for normality of data along with a Levene’s test for homogeneity
of variance was conducted for average burrow oxygen level and oxygen penetration depth (see
Supplementary Material). Due to deviations from normal distribution in both the in-burrow
oxygen levels data, a robust two-way anova with trimmed means (0.2) was used to compare
the means of each pH/ temperature condition followed by a post hoc test using the mcp2atm
function from the WSM package in R (Mair & Wilcox, 2020). A generalised linear model was
used to compare the mean oxygen penetration depth in the six different pH, temperature
conditions tested. Burrow width was included in the model in order to test for any confounding
effects of this variable. The Ime4 package in R was utilised for this model (Bates et al., 2015)
3.2.4. Results

Oxygen optodes were used to investigate varying oxygen dynamics in the burrows of
Hediste diversicolor housed in different climatic conditions. Average oxygen levels along with
depth of oxygen penetration into the surrounding sediment within burrows were compared for
a range of pH-temperature conditions.
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Burrow oxygen levels

The depth and shape of burrow varied slightly (minimum vertical depth 45mm in pH
8.1, temperature 18°C, maximum vertical depth 48mm in pH 7.3, temperature 22°C), as did
the in-burrow behaviour, with some worms appearing to spend periods outside of the burrow
(see Figure 3.4). Worms were weighed prior to being added to the experimental tank (pH 8.1
mean = 0.189g, SD = 0.061; pH 7.3 mean = 0.204g, SD = 0.0751). Figure 3.4 illustrates some
of the structural and depth differences between the burrows analysed. Some burrows had

adjoining secondary burrows that connected to the sediment surface.
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Figure 3. 4: Example images of the burrows used for analysis. A) pH 8.1, temperature 18°C,
45mm vertical depth. B) pH 8.1, temperature 22°C, 47mm vertical depth. C) pH 7.7,
temperature 18°C 48mm vertical depth. D) pH 7.7, temperature 22°C, 48mm vertical depth. E)
pH 7.3, temperature 18°C 46mm vertical depth. F) pH 7.3, temperature 22°C, 48mm vertical
depth.
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12 hour O time series

In-burrow oxygen level over the 12 hour sample period was calculated for the six pH/

temperature regimes and by selecting a region of interest the average oxygen level over time

could be plotted (Figure 2.5).
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Figure 3. 5: Time series of the in-burrow O2 fluctuations over a 12-hour image acquisition
period for each pH/ temperature regime (n=1 for each regime). Inset on each graph is an

image of the burrow with the burrow border drawn in white.

Due to difficulty in collecting twelve hour time series, in each pH/ temperature regime
only one burrow was analysed and the data in Figure 3.5 is presented as qualitative. With the
exception of pH 7.7, in-burrow Oz appears to fluctuate less in the cooler temperature regimes
(18°C). The pH 7.3, low temperature (18°C) regime has the lowest levels of in-burrow oxygen
fluctuation over the 12 hour period, whereas the pH 7.3, high temperature (22°C) showed very

high regular fluctuations. A similar pattern is seen at pH 8.1, with very low fluctuations at 18°C
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and high fluctuations at 22C. The impact of pH is less clear with little link between pH and
oxygen fluctuation.

Oxygen Ratio

Oxygen ratio was calculated using the ratio between the oxygen levels in the burrow
and the oxygen levels in the overlying water. This compensates for any variation in oxygen

levels in the overlying water across the different regimes.
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Figure 3.6: Boxplot comparing the burrow O; ratio across the six pH and temperature regimes.
O; ratio was calculated using the ratio between in-burrow oxygen and overlying water oxygen
levels. Lower ratios indicate a higher difference between oxygen in the burrow and the oxygen
in the overlying water. Black circles indicate outliers. N=5 for each pH/ temperature condition.
A significant difference was found between each pH regime (robust factorial anova with
trimmed mean (0.2), p=0.001) but not between temperature regimes (p=0.147). The
interaction effect (temperature~pH was significant (p=0.004), therefore an mcp2atm post-hoc

test was run to investigate independent effects (Mair and Wilcox, 2020) (p=0.002 for pH 7.7
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vs. pH 8.1, p=0.004 for pH 7.3 vs. pH 8.1, p=0.0001 for pH7.3 vs pH 7.7 as well as a significant
difference between the two temperatures at pH 7.7 (p = 0.0009) and pH 8.1 (p=0.04) but not
at pH 7.3 (p=0.4)). Significance levels; p<0.05 (*), p<0.01 (**), p<0.001(***).

The highest Oxygen ratio is at pH 7.7, 22°C, which, along with pH7.7, 18°C are
significantly higher than in any other conditions. In addition, pH 7.3 and 8.1 are also associated
with lower oxygen ratios. Significant differences were found between all pH conditions using
robust factorial anova with trimmed mean (p=0.002 for pH 7.7 vs. pH 8.1, p=0.004 for pH 7.3
vs. pH 8.1, p=0.0001 for pH7.3 vs. pH 7.7). Additionally, a significant interaction effect was
found between temperature and pH (p=0.004). Post hoc tests using the mcp2atm function in R
(Mair & Wilcox, 2020) show a significant difference between the two temperatures at pH 7.7
(p = 0.0009) and pH 8.1 (p=0.04) but not at pH 7.3 (p=0.4). The graph appears bell shaped for

both temperature and pH, with a peak in oxygen ratio at pH7.7.

Oxyagen penetration depth

Using inhabited burrows (where O2 < 20% air saturation) a series of three consecutive
images were selected for penetration depth analysis based on the quality of the burrow image
and the oxygen levels within the burrow (higher in-burrow oxygen levels were selected). The
average penetration of oxygen into the sediment surrounding burrow walls was calculated and

averaged over the 3 image (9 min) recording period.
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Figure 3. 7: Boxplot comparing the average 02 penetration depth (mm) into the sediment
surrounding burrow walls across the six pH and temperature regimes. Black dots indicate
outliers. A significant difference was found for temperature (p=0.015) and pH (p=0.004) but
no significance was found for the pH: temperature interaction (p=0.58), based on ANOVA
with trimmed mean (0.2) using the WSM package in R. Significance levels; p<0.05 (*), p<0.01
(**), p<0.001(***).

The oxygen penetration depth varies with temperatures (p=0.015 between 18 and 22C)
as well as with pH (p=0.004) based on ANOVA with trimmed mean (0.2) using the WSM

package in R. No significance was found for the interaction between pH and temperature.

Burrow width analysis

A Matlab script was used to measure the width of each burrow used in oxygen
penetration depth analysis in order to check for any relationship. Figure 3.8 shows a plot of the
relationship between the burrow width and oxygen penetration depth, no correlation was found

(Spearman’s Rank = 0.098, p-value = 0.2603).
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Figure 3. 8: Scatter graph comparing the average width of each burrow with oxygen
penetration depth into the sediment surrounding the burrow. No correlation was found

(Spearman’s Rank = 0.098, p-value = 0.2603).

3.2.5. Discussion
Estuarine environments are highly fluctuating environments with daily and seasonal

pH, temperature and salinity cycles. Environment Agency data collected at New Holland in the
Humber Estuary between 1991 and 2005 show daily fluctuations of 0.56 pH units between low
and high tide (pH 7.77 to pH 8.26) and seasonal fluctuations of 1.54 pH units (pH 7.0 to pH
8.54), as well as seasonal temperature fluctuations of 19.5°C (3°C to 22.5°C). The pH and
temperature conditions used in this study are therefore not outside of present-day extreme
conditions and these extremes will likely get worse with climate change. The animals used in
these experiments were not collected from the wild but were second and third generation
worms housed in static pH and temperature conditions so no pre-acclimation was required. The
temperature that worms were kept in (18°C) is representative of UK summer temperatures and
the constant temperature prevented large scale maturation events. During maturation worms
divert energy resources into gamete development prior to spawning and this has the potential

to effect behaviour, growth and metabolism (Hardege, pers. comm, March 2021).
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Comparing Average Burrow O, Timelines

Relatively constant in-burrow oxygen levels are interpreted as the burrow being
continuously inhabited and frequent ventilation behaviour occurring. Conversely, fluctuations
in oxygen levels suggest that the burrow may be empty for periods, potentially while feeding
behaviour occurs or alternate burrow structures are being formed. Lower in-burrow
fluctuations in cooler temperatures suggests that worms are consistently inhabiting and
frequently ventilating their burrows in these conditions. However, the pH 7.7/18°C regime
shows slightly higher oxygen fluctuations over the 12-hour period, suggesting that the worm
engaged in other behaviours such as burrow building or feeding during this period (Figure 3.5).
H. diversicolor were collected from the Humber Estuary where average pH is 7.69 and average
annual temperature is 11.3°C (based on Environment Agency data from 1996 to 2005). It is
possible that this slight increase in oxygen fluctuation is linked to the fact that pH7.7/ 18°C is
the condition closest to those that the H. diversicolor are adapted to. However, the link between
higher temperature and increased burrow oxygen fluctuations could be linked to higher oxygen
demand (due to increased metabolic rate) at these temperatures causing an associated increase

in feeding behaviour in order to compensate for increased energy use by the worms.

A previous study of oxygen levels in H. diversicolor burrows has found similar rates of
oxygen fluctuation (at the scale of minutes when burrow is inhabited) (Pischedda et al., 2008).
Other studies have used water flow out of burrows to monitor oxygen levels and ventilation
rates and have identified cycles of active and resting phases lasting approximately 10 minutes
and 5 minutes respectively (Kristensen, 1981). This study was unable to clearly identify
specific ventilation patterns, in part due to the time lag between images (3 minutes). There was
also a high degree of variability between ventilation patterns between the conditions and further
repeats would be needed to establish a baseline pattern and allow quantitative comparisons to
other conditions.
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Oxygen fluctuation in sediments has been linked to switches between the type of
bacterial metabolism occurring, which in turn influences geochemical cycling and burial of
organic matter (Hansen and Kristensen, 1998). Furthermore, organic matter degradation in oxic
conditions has been found to occur up to ten times faster than in anoxic conditions (Kristensen,
2000), therefore the more stable oxygen profiles identified at lower temperatures may be

beneficial for organic matter cycling.

Due to the logistical and technical difficulties in collecting 12 hour time series, only
one repeat was acquired per pH/ temperature condition. This data is therefore anecdotal and
more data is needed before any significance can be drawn. Where only one burrow opening
was seen (in most of the burrows analysed) the direction of flow during ventilation is not
known. Therefore oxygen analysis could be effected depending on whether the intake or
exhaust opening was analysed. Pischedda et al. (2008) found a difference of 6.8 umol/L O2
concentration in the intake compared to exhaust openings. Although it was assumed that during
periods of low in-burrow oxygen, worms were exhibiting foraging or burrow building

activities, it would be necessary to identify these behaviours with visual observations.

Comparing Burrow O, Gradients

Lower Oxygen ratios indicate a large variation between the oxygen levels in the
overlying water and those within the burrow. This is interpreted as low ventilation effort and/or
high oxygen consumption by the worms. Low Oxygen ratio could also be indicative of
temporary burrow abandonment, which rapidly leads to a large difference between the high
oxygen levels in the overlying water and low oxygen levels within the burrow. This was
compensated for by selecting one-hour time series with active burrows (average in-burrow
oxygen > 10% air saturation). Conversely, high Oxygen ratios are indicative of high ventilation

effort and/or low oxygen demand.
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There was a significant difference between the two temperatures at pH 7.7 (p = 0.0009)
and pH 8.1 (p=0.04) with lower temperatures were associated slightly with lower Oxygen ratios
(therefore likely lower ventilation effort). However, this was somewhat confounded by the
impact of pH, which appears to reduce Oxygen ratio at the lowest and highest pH (7.3 and 8.1).
Figure 3.5 illustrates that temporary burrow abandonment at 18°C was relatively low and
oxygen levels were maintained relatively consistently. It is possible that oxygen demands by
the worm are lower at cooler temperatures and therefore maintenance of high oxygen levels
within the burrow was less critical. Increased metabolic rate by the worms at elevated
temperatures (e.g. Freitas et al. (2016) and associated increase in oxygen demand may have

induced this increased ventilation effort.

Oxygen ratios are lower at pH7.3 and 8.1, suggesting that ventilation effort is reduced
at these pH conditions and/or that worms are rapidly absorbing available O». Freitas et al.
(2016) found an increase in metabolic capacity in H. diversicolor exposed to reduced pH,
therefore the low ratio seen at pH 7.3 may be linked to an associated increase in O2 demand at
this condition. Interestingly, at pH 7.7, Oxygen ratios appear to be elevated irrespective of
temperature (pH 7.7 vs. pH8.2: p=0.004, pH 7.7 vs. pH 7.3: p<0.0001). This pH condition is
the closest to the average pH in the Humber Estuary (pH7.69, based on Environment Agency
data). Worms may therefore be best adapted to this pH (despite all worms being F2/3
generation, raised in the pH condition they were tested in) and therefore have lower metabolic
requirements and an associated reduced O> consumption at this condition, which would help

explain the higher oxygen ratios.

Hediste diversicolor are resistant to the effects of reduced O, and employ a range of
behavioural (e.g. increased ventilation frequency) and physiological (e.g. optimisation of O>
extraction from the water and switching to anaerobiosis) mechanisms (Kristensen, 1983,
Schéttler, 1979). The increased ventilation effort at elevated temperature regimes found in this
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study may be a behavioural response to lower oxygen solubility at higher temperatures.
Alternatively, reduced O solubility at high temperatures may lead to worms employing
temporary anaerobiosis, therefore reducing oxygen consumption leading to higher oxygen

levels within the burrow and an associated increase in Oxygen ratio.

The burrows of H. diversicolor are typically U or Y shaped with one opening used as
an inlet and one as an exhaust opening during ventilation (Pischedda et al., 2012). The burrow
images collected during these experiments were 2-dimentional and relied on worms creating
burrows adjacent to the planar optode. Although several of the burrow images showed multiple
openings to the surface, some burrow images only had one opening, likely because the
secondary openings were not adjacent to the planer optode. Where multiple burrow openings
were imaged, the dominant (and therefore, likely the inlet) stem was analysed. The dominant
stem was identified by the clarity of the image (driven by oxygen levels) and was usually a
vertical burrow leading from the sediment surface directly down into the sediment. Although
attempts were made to analyse inlet burrows, oxygen levels around inlet openings are higher
than those of exhaust opening and this could have had an impact on the oxygen levels measured
in this experiment. Burrow formation also tended to me more complex than the standard U or
Y shape expected, with multiple surface openings, often extending from a dominant stem (see

figure 3.4 for examples), further confounding efforts to identify inlet and exhaust opening.

Comparing Oxygen penetration

Although highly variable, there is an apparent increase in Oz penetration depth with
increasing temperature (p=0.015) as well as an increase in penetration depth with increasing
pH (p=0.004). The increased oxygen penetration depth found at higher temperatures (see
Figure 3.6; 18°C and 22°C) could be explained by the higher ventilation effort drawing more

oxygen into the burrow.
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The lower O2 penetration depths seen at reduced pH may be linked to higher oxygen
demand by the worms in these lower pH conditions (e.g. Freitas et al. (2016), diverting oxygen
away from the sediment. Alternatively, the mucus that is produced by H. diversicolor to line
burrow walls and provide structural stability of burrows (Meadows et al., 1990, Meadows and
Tait, 1989), has an additional function to act as an antioxidant defence to protect the worm
from reactive oxygen species (present in the sediment due to UV radiation and bacterial/ fungal
activity) which occur more frequently at low pH (Moraes et al., 2006, Bhuiyan et al., 2021b).
Additional mucus may be produced as a protection mechanism when worms are exposed to
reduced pH conditions and this additional mucus may act to prevent oxygen diffusion into the
sediment, subsequently reducing penetration depth. Furthermore, penetration depth may be
impacted by varied biofilm growth lining the burrow walls. Respiration of burrow microbes
along with the burrower organism quickly deplete oxygen in stagnant burrow water (Murphy
and Reidenbach, 2016) and more established burrow microbes would likely reduce the amount
of O available for diffusion into surrounding sediments. It is possible that low pH/ low
temperature conditions may favour the establishment of burrow microbes and lead to reduced

oxygen penetration depth.

Timmermann et al. (2006) reports that 49% of oxygen pumped into the lugworm
Arenicola marina burrows was consumed by the worm, with 23% was lost to diffusive
mediated transport to the burrow wall. If penetration depth across the burrow wall is increased

at higher pH and higher temperatures, these percentages may alter.

Oxygen penetration depth into the sediments has been linked to proximity to the burrow
entrance as well as oxygen concentrations in the burrow lumen (Pischedda et al., 2008,
Timmermann et al., 2006). Although Pischedda et al. (2008) measured oxygen penetration
depths of between 1.67mm and 3.27mm, dependant on the proximity to the burrow entrance,
Timmermann et al. (2006) measured a penetration depth of 0.7mm in Arenicola marina
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burrows, which is more similar to the readings in this study. A more recent study on the clam
worm Alitta succinea determined that irrigation of the burrow results in oscillations in oxygen
flux across the burrow wall (Murphy and Reidenbach, 2016). The same study found that
increased temperature resulted in increased irrigation frequency by the worm and a
corresponding increase in volumetric flow rate and oxygen flux across the burrow wall,
although, time averaged oxygen flux did not change with temperature nor did sediment
penetration of oxygen (Murphy and Reidenbach, 2016). This study found an overall increase
in Oxygen ratio, suggesting elevated ventilation effort at higher temperatures (22°C) which

may also help to explain the larger oxygen penetration depths identified in higher temperatures.

Limitations

The complexity of the experimental setup used in this chapter meant that it was very
time consuming to collect sufficient data for analysis. Technical issues along with interruptions
due to covid lockdown limited the scope of this experiment. Given more time, this method
could be used to investigate a range of in-burrow measurements such as ventilation rate and
frequency as well as the impact of burrow density on sediment oxygen levels. Similar setups
can also be used to measure pH and dissolved CO> concentrations which could potentially be
used to investigate the impact of multiple stressors on respiration in a mesocosm or to tease

apart the effects of pH, CO2 and alkalinity on burrowing marine invertebrates.

As mentioned previously, where only one burrow opening was seen (in most of the
burrows analysed) oxygen analysis could be affected depending on whether the intake or
exhaust opening was analysed. Other potentially confounding variables include; the width of
the burrow and size of worm ventilating it; the age of the burrow which could potentially impact
hydrodynamics due to increased complexity (although all worms were given at least 24 hours

to create a burrow) (Davey, 1994); the age of the burrow and its associated effect on presence
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of bacterial communities (Marinelli et al., 2002). Natural variations in the pH, salinity,
temperature and oxygen levels in estuarine systems are likely to make in-burrow oxygen
dynamics highly variable depending on daily and seasonal fluctuations, however this is outside
of the scope of this study. Future work should aim to incorporate a more natural set of

conditions and include diurnal variations in biogeochemical conditions.

Further research is required to investigate the link between ventilation frequency,
ventilation intensity (pumping rate) and associated Oxygen ratios in order to gain a better

understanding of the mechanisms involved.
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4.0. Chapter 4

Mucus production in future climatic conditions
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4.1. Mucus production in future climatic conditions

4.1.1. Abstract

Due to their population density and burrowing activities Hediste diversicolor is
considered a keystone specie in estuarine sediments. H. diversicolor line their burrows with
mucus and produce mucus nets on the sediment surface to trap food. Mucus may also play a
role in isolating invertebrates from surrounding environmental conditions and as such have a
protective function in stressful conditions. Mucopolysaccharides (mucus) produced by many
marine invertebrates can act as a source of organic carbon to microbiota and H. diversicolor
mucus has been found to affect microbial communities involved in nitrogen cycling. CO>
emissions into the atmosphere dissolve into the ocean and are driving a reduction in ocean pH.
By the end of the century some scenarios predict that ocean pH will reduce from today’s pH8.1
to pH7.3 and average temperatures may increase by more than 4°C. This study investigates
whether water pH and temperature have an impact on the quantity and carbohydrate levels in
the mucus produced by H. diversicolor with a view to examine the impacts of future marine
conditions based on these climate change scenarios. No significant difference in dry mass of
mucus was observed between pH8.1 and pH7.3 or between 18°C and 22°C, suggesting that H.
diversicolor may be robust to these conditions. However, carbohydrate content was
significantly lower in mucus produced at lower pH and higher temperatures. This may be due
to the energetic costs associated with producing carbohydrates in more stressful environmental
conditions. The results of this study suggest that future climatic conditions will be associated
with reduced carbohydrate content in the mucus of H. diversicolor. Invertebrate mucus has
been linked to sediment microbiota and sediment carbohydrate content has been positively
associated with nitrification rates. Both microbial community composition and nitrogen

cycling could be affected in future climate scenarios.
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4.1.2. Introduction

Increasing carbon dioxide levels in the atmosphere dissolves into surface oceans
altering ocean chemistry and driving pH decline (e.g. Doney et al., 2009, Raven et al., 2005).
Coupled with this are increasing ocean temperatures driven by increasing greenhouse gasses
and associated atmospheric warming (e.g. Laffoley and Baxter, 2016). The IPCC report that
average surface ocean pH has declined by 0.1pH units since pre-industrial times and average
ocean temperatures have increased by 0.11°C per decade between 1971 and 2010 the same
period (IPCC, 2013b). Furthermore, by 2100 pH are predicted to decline by up to 0.32pH units
and temperatures increase by up to 4.8°C (RCP8.59, IPCC, 2013b). Burrowing marine
invertebrates are traditionally believed to be relatively tolerant of changing climatic conditions
due to the buffering effect of living in sediments and exposure to naturally fluctuating
conditions such as estuarine environments (Freitas et al., 2016). Despite this some studies have
found that reduced water pH: Reduces feeding rate, slows chaetiger regeneration and induces
oxidative stress in Hediste diversicolor (Bhuiyan et al., 2021a); reduces fertilization success in
Pomatoceros lamarckii (Lewis et al., 2013); reduces survival rate, burrowing activity and
glycogen content in Nereis virens (Batten and Bamber, 1996). The effect of increasing
temperature may act synergistically with pH for some behavioural or physiological impacts in
some species (e.g. reduced chaetiger regeneration and increased mortality in low pH (pH 7.0)
and high temperature (25°C) conditions when compared to low pH and low temperature (15°C)
in H. diversicolor (Bhuiyan et al., 2021a). Other research on the polychaete Alitta virens found
that the impacts of pH and temperature are not detectable in the short-term, but affect growth,
bioturbation and bioirrigation behaviour and in turn nutrient generation over longer term (542
days) (Godbold and Solan, 2013). Godbold et al. (2011), Godbold and Solan (2013) also
highlight that seasonal temperature and photoperiod variation could either exacerbate or buffer

these long-term climatic effects.
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As a keystone species (Moreira et al., 2006, Mermillod-Blondin et al., 2005) burrowing
Hediste diversicolor provides a service to microbes and meiofauna by providing additional
oxygenated habitat at the sediment-water interface. Banta et al. (1999) found that the presence
of H. diversicolor in sandy sediment stimulated O, uptake and CO. release by 80 to 90%
indicating an increase in benthic metabolism by the worms and associated microbial activity.
Increasing oxygenation of the sediment alters the pace of nutrient and organic matter cycling
and the feeding activities of this species acts as a rate-limiting step in estuarine detritus

processing (Moreira et al., 2006, Mermillod-Blondin et al., 2005).

Mucus secreted by Hediste diversicolor is used to line burrow walls, providing stability
to the burrow networks they create. Mucus may also act as an antioxidant defence against
reactive oxygen species (Moraes et al., 2006). In addition, mucus nets are produced in order to
catch falling particles for later ingestion. An inadvertent attribute of this mucus is the binding
together of sediment particles, leading to an increased shear strength and improved sediment
stability (Meadows et al., 1990, Meadows and Tait, 1989). Lateral compaction of sediment
induced by the creation of burrows is also believed to increase sheer strength of sediments
(Fernandes et al., 2006). However, the mechanical reworking of sediment by bioturbating
organisms creates a fluid surface layer that is easily re-suspended (Rhoads and Young, 1970),
permeability is found to increase with H. diversicolor density (Meadows and Tait, 1989) and
some results show that sedimentation is reduced when natural densities of H. diversicolor are

present (Meadows et al., 1990).

The presence of invertebrate mucus compounds in benthic sediments provides habitat
for microbial fauna which can have a profound effect on biogeochemical cycling within the
sediment (Dale et al. 2019). Although these interactions are poorly understood Dale (2019b)
found that presence of H. diversicolor mucus enhances sediment nitrification rates by
enhancing nitrifying microbial groups. Indeed, it has been proposed that invertebrate
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polysaccharide groups in benthic sediments ought to be considered as a distinct functional trait
when assessing invertebrate contributions to sediment ecosystem function (Dale, 2019b).
Therefore any impact on the presence of mucus in marine sediments could have a serious

ecosystem wide effect.

This experiment aims to investigate variability in the quantity and total carbohydrate
content of mucus produced by H. diversicolor in four pH/ temperature regimes. The worms
were tested at pH 8.1, which is representative of current average oceanic conditions and pH 7.3
which is representative of conditions that will be common in 2100 (Bindoff et al., 2019).
Temperature conditions were chosen based on current summer temperatures (18°C) and
temperatures likely to be experienced regularly by the end of the century (22°C) (Collins M.,
2019). Impacts on the quantity and quality of mucus produced by H. diversicolor could have a
profound impact on estuarine habitats, impacting sediment stickiness as well as the micro and
macro fauna that depend on the mucus for habitat or sustenance (Kristensen, 2005). Previous
research has linked increased mucus production to several stressors, including elevated levels
of pollution (e.g. Bastidas and Garcia, 2004) and increased water temperature (Neudecker,
1981, Tal etal., 2021). We hypothesise that reduced pH and increased temperature will increase
the quantity of mucous produced be H. diversicolor as a response to more stressful conditions.
Also, that higher carbohydrate concentrations will occur in the mucous produced at lower pH
and at higher temperatures, again as a defence mechanism against stressful conditions.

4.1.3. Method
Worm collection and housing

Approximately 800 Hediste diversicolor were collected from Hessle Foreshore on the
Humber Estuary in East Yorkshire, UK (53°42°52.94”N, 00°27°11.2”W) on 25" October 2018
by shovel sampling. Worms were then transported to the University of Hull where they were
removed from the natural sediment and placed in three tanks containing washed coral sand
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(4cm depth) and 18%. salinity (=1%o) water, which was aerated with an air stone. The climate
was controlled at 18°C, 12 hours light, 12 hours dark with natural moonlight cycles mimicked

using a UV light.

Initially the water pH was set at 8.1 for a period of one week, after which time the pH
was reduced in two of the tanks by bubbling CO- through the water. After fourteen days the
tanks were set at pH 8.1 and pH 7.3 (the pH control units were accurate to a standard error of
+0.0081, +0.0075 and +£0.0055 for the pH 8.1, 7.7 and 7.3 tanks respectively based on daily
recordings of pH. See supplementary materials for data). The pH of the water was controlled
using JBL ProFlora pH control units, which constantly monitored pH and triggered CO>
bubbling if the pH reached 0.05 pH units above the specified level. The pH conditions were
chosen based on: current average ocean pH (8.1); pH conditions expected by 2100 based on
the IPCC RCP8.5 climate model (pH 7.7) (IPCC, 2013b) and a more extreme condition likely
to be found in future estuaries given a predicted decline of 0.32 pH units by 2100 based on the
same climate model (IPCC, 2013b). The temperature that worms were kept in (18°C) is
representative of UK summer temperatures and the constant temperature prevented large scale
maturation events. The warmer temperature condition used (22°C) was based on RCP8.59

IPCC climate predictions of an increase in surface temperatures between 2.6°C and 4.8°C.

An air pump was used to maintain oxygen levels in the tanks and an ‘AllPondSolutions’
aquarium filter with activated carbon filter element (6001 per hour flow) maintained water
clarity. Several reproduction events occurred over the duration of this experiment across all
three tanks. The animals used in these experiments were not those collected from the wild but
were second and third generation worms housed in static pH and temperature conditions so no
pre-acclimation was required prior to experimentation. By using F2 and F3 generation worms
the impacts of acclimation and acclimatisation were removed and inter-generational, long term
impacts of pH could be assessed.
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Mucus collection method

30 worms (Hediste diversicolor) were selected from each culture tank (pH8.1, 18°C
and pH7.3, 18°C) culture tank. These worms were blotted dry on a paper towel and weighed
on weighing scales (Mettler, accurate to £0.0001g) in order to acquire a wet weight. These
worms were then split into 6 groups of 5 worms and placed in one of 18 glass basins (190mm
diameter) containing 1.5L of 18% artificial seawater (TropicMarin). A folded piece of black
polypropylene sheet (300mm x 300mm) was added to each basin and completely submerged.
Polypropeline is a non-leaching plastic and therefore removes the impact of leachate
chemicals. This provided a place for the worms to hide in and acted as a surface onto which
mucus was secreted. This also prevented the worms from cannibalising one another by
creating separate spaces for the worms to inhabit. An air pump and airstone were used to
maintain oxygen levels in the water and salinity was tested daily and adjusted when
necessary. The pH was maintained using a JBL pH control unit which bubbled CO, through
the water when the pH drifted +0.05 pH units above the desired level. Due to the small
volume of water in each basin additional control valves were used to slow the release of CO>
and prevent pH ‘overshoot’. Temperature control was achieved either by placing the basins in
a temperature controlled room (18°C) or by placing the basins in a water bath that was
warmed to 22°C (temperature in the basin was found to warm up to 22 °C after 4 hours in the
water bath). These methods were used to create 3 basins for each of the 4 pH/ temperature
condition (pH 8.1, 18 °C; pH 8.1, 22°C; pH7.3, 18°C; pH7.3, 22°C). Worms remained in the
basins for 96 hours after which time the polypropylene sheet was removed and a plastic
razorblade used to scrape the mucus and residual artificial seawater into pools which were
collected in syringes. This process was repeated with the glass basin once the majority of the
artificial seawater was drained. The samples were then transferred from the syringes into

appropriate lengths of Biotech Cellulose Ester Dialysis Membrane (3.1ml/cm, Spectra/Por
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Biotech CE Trail Kit, MWCO: 100-500 D) which were sealed off as both ends using plastic
clips. The samples in the dialysis membrane were then suspended in 2.5L ultrapure water
with a magnetic stirrer running for 3 days, with the ultrapure water being replaced after 2
hours, 4 hours, 12 hours, 36 hours and 60 hours. This process removed the salt from the
samples. After dialysis the samples were transferred to glass jars and frozen at -20°C until
further analysis could be done. Samples were freeze dried overnight in a VirTis SP Scientific

lyophiliser and the dried samples were weight using Mettler scales, accurate to +0.0001g.

Chemical analysis

A modified Dubois assay was used to measure carbohydrate concentrations in the
mucus samples collected (Dubois et al., 1956). A standard glucose curve was made by
weighing out known amounts of glucose and mixing with corresponding volumes of distilled

water in a volumetric flask.

The chemicals used for this method were analytical grade. Phenol 5% solution, analytical grade
concentrated sulphuric acid (min assay 98% BDH 102761C). 5ml of the glucose standard
samples were decanted into a test tube and 0.5 ml of 5% phenol solution followed immediately
by 2.5 ml of concentrated sulphuric acid were added directly onto the solution surface and
solution was vortexed for 10 seconds. These solutions were left for 35 minutes to develop after
which time they were decanted into cuvettes and the absorbencies (spectrophotometer) at 485
nm were measured three times per sample. Distilled water and assay reagents are used to form
a zero baseline. Three curves were made and the average used to calculate the linear regression
used to convert the absorbance into glucose equivalents. Data was plotted as absorbance against

glucose to make standard curve.

Total carbohydrate fraction
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Freeze dried mucus samples were weighed and 1ml distilled water added. This was
vortexed and then centrifuged at 2500 rpm for 15 minutes. 0.5ml of the supernatant was
decanted into a boiling tube. A blank was made by adding 1ml of distilled water to a boiling
tube. 0.5 ml of 5% phenol solution followed immediately by 2.5 ml of concentrated sulphuric
acid were directly onto the solution surface and this solution was vortexed for 10 seconds.
Samples were left for 35 minutes for the colour to develop. Supernatant was decanted into
cuvettes and measure absorbencies (spectrophotometer) at 485 nm. Distilled water and assay
reagents are used to form a zero baseline. The absorbance value is converted to concentration
(ug glucose equivalents mI™Y) by using a standard curve. The resulting value multiplied by the
proportion of total extraction solution volume to the volume used for the assay (e.g. if 400 ul
of sample is taken from a total volume of extraction solution of 600 ul this value will be 1.5).
This value is then divided by the dry weight of the sample to obtain the amount of carbohydrate
expressed as mass of glucose equivalents per mass of dry sediment (ug mg™).

Statistical analysis

A Shapiro-Wilks test for normality of data along with a Levene’s test for homogeneity
of variance was conducted for both mucous produced per gram of tissue and carbohydrate
concentration. A two way factorial ANOVA was then computed for both of these variables to
test for significant difference between different pH/ temperature conditions. The impact of total
biomass of worms in each test condition was plotted against the dry mass of mucous they
produced to identify any relationship between these variables and a Loess smoothing function

was used to produce a line of best fit.
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Carbohydrate analysis

A glucose standard curve was created using the colorimetric absorbance values at 485nm for

known concentrations of glucose (see Figure 4.2)

15- y =0.007x +0.1179
R*=0.9958

Absorbance at 485nm

Glucose concentration (ug/mL)

0 50 100 150 200

Glucose

Figure 4. 1: Glucose calibration curve (dissolved in distilled water) measured at 490 nm
according to protocol. . Each calibration point represents the average of 3 technical
replicates. The blue line represents linear fit of the measured points calculated by the least
squares method. The linear regression equation (y = ax + 8) represents calibration equation

slope () and intercept (8). The R2 coefficient was calculated by the least squares method.

Total carbohydrates in each mucus sample was investigated using colorimetric analysis.
Measured concentration was calculated using the equation from the calibration curve (Figure

4.3). Carbohydrates in each sample solution were then calculated using Formula 1:

volume of 2.5% phenol (pl)

Carbohydrates concentration [pg ml™'] = measured concentration X -
S volume of sample (ul)
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4.1.4. Results

Mucus production under different climatic conditions was investigated with four pH/
temperature regimes tested. Mucus production (from weighed, freeze dried samples) per

gram of worm biomass was calculated and Figure 4.2 shows the variation in production.
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Figure 4. 2: Bar plot illustrating the mean (+ standard deviation) mucus production per
gram of biomass by the harbour ragworm Hediste diversicolor at different pH/ temperature

conditions. For each condition n=3.

A Shapiro-Wilk’s normality test indicated that data was normally distributed (W =
0.95169, p-value = 0.6618) and Levene’s test indicated homogeneity of variance (F value =
2.591, p = 0.1385). A two way factorial ANOVA was computed to test for significant
differences in mucus production per gram of biomass in the different conditions. No
significant difference was observed in mucus production per gram of biomass for pH,

temperature or pH:temperature interaction (see Table 4.1 below)
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Table 4. 1: Results of a two way factorial ANOVA testing for differences in mucus production

by the harbour ragworm Hediste diversicolor in different pH/ temperature conditions. No

significant differences were observed.

Df Sum Sq | Mean Sq | Fvalue | Pr(>F)
pH 1| 0.003969 | 0.003969 1.044 0.337
Temp 1| 0.009776 | 0.009776 2.571 0.148
pH:Temp 1]0.005567 | 0.005567 | 1.464 | 0.261
Residuals 8| 0.030418 | 0.003802

Biomass was measured by adding the wet weight of each of the five worms added to
each sample (see Table 4.2). This was plotted against the freeze dried mucus mass to

investigate the effect of biomass on mucus production.

0.12-

Dry mass of mucus (g)

0.3 0.4

Biomass of worms (g)

Figure 4. 3: : Loess smoothing function (blue line) showing the relationship between dry
mass of mucus produced and biomass of worms (Hediste diversicolor) and 95% confidence

intervals (grey shading).
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Table 4. 2: Total biomass of the five worms used in each of the pH/ temperature conditions

tested
Condition Biomass (g) | Standard deviation
pH8.1, 18C 0.42 0.08
pH8.1, 22C 0.38 0.06
pH7.3, 18C 0.46 0.08
pH7.3, 22C 0.42 0.03

Interestingly, lower biomass corresponds with higher levels of mucus production (Figure 4.3).
Carbohydrate concentration in the freeze dried sample was then calculated in ug/mg by
dividing the concentration by the mass of the initial freeze dried sample. Figure 4.4 shows the
variation in carbohydrate content in the mucus samples collected from H. diversicolor in the

different pH/ temperatures tested.
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Figure 4. 4: Boxplot illustrating the carbohydrate content in mucus samples produced by the
harbour ragworm Hediste diversicolor at different pH/ temperature conditions. For each

condition n=3.
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A Shapiro-Wilk’s normality test indicated that data was normally distributed (W =
0.96368, p-value = 0.8347) and Levene’s test indicated homogeneity of variance (F value =
0.1747, p value = 0.6848). A two way factorial ANOVA was computed to test for significant
differences in mucus carbohydrate in the different conditions. Total carbohydrate content of
mucus was found to differ significantly between pH7.3 and pH8.1. In addition total
carbohydrate content varied significantly between 18°C and 22°C. No significant interaction

between pH:temperature was found (see Table 4.3 below).

Table 4. 3: : Results of a two way factorial ANOVA testing for differences in carbohydrate
content of mucus produced by the harbour ragworm Hediste diversicolor in different pH/

temperature conditions. Significance codes: 0= ***,0.001 = **, 0.01 = ¥,

Mean
Df Sum Sq | Sq F value | Pr (>F)
pH 1 469.4 469.4 7.155 0.02815 | *
Temp 1 1242.9 | 1242.9 | 18.944 | 0.00244 | **
pH:Temp 1 3.7 3.7 0.056 | 0.81836
Residuals 8 524.9 65.6

4.1.5. Discussion

Experimental conditions were based on future relevant pH and temperature conditions,
compared to present day conditions. The experiment was designed to test whether these future-
relevant conditions triggered physiological defence mechanisms, in the form of altered mucous
production, in H. diversicolor, as has been identified with exposure to pollutants (e.g. Pires et
al., 2022). The production of excess mucous would not only impact the fitness and survival of
the worms themselves, but, thanks to their high population densities (Scaps, 2002) could impact
sediment stability, oxygen penetration into sediments, microbial communities and organic

matter cycling (Kristensen et al., 2013, Dale et al., 2019).
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Mucus typically consists of an entanglement of proteins and polysaccharides that form
a gel which is usually in the region of 95% water (Stabili, 2019). Marine invertebrate mucus
has a range of functions, from reducing drag to enhancing adhesion and reducing sedimentation
(Stabili, 2019). In addition, marine invertebrate mucus serves as a microhabitat, providing food
and stability for a range of microbial fauna (Stabili, 2019). Experiments using coral mucus
found elevated oxygen use in seawater containing coral mucus samples compared to seawater
alone suggesting significant microbial activity (Coles and Strathmann, 1973). These bacteria
may act as a carrier for energy, creating a food chain converting mucus compounds into organic
matter (Coles and Strathmann, 1973). Mucus can also act as a pathogen deterrent and, notably,
coral mucus has been found to demonstrate high antimicrobial activity (Shnit-Orland and
Kushmaro, 2009). Communities of microorganisms that colonise mucus may act together to
provide a variety of anti-microbial and protective properties (Stabili, 2019). An additional
function of some microbes that inhabit coral mucus may be to provide nitrogen and
phosphorous that the zooxanthellae cannot produce (Anthony and Fabricius, 2000). Infaunal
polychaete species such as H. diversicolor are likely to use mucus secretions as a protective
mechanism against pollutants and reactive oxygen species (Moraes et al., 2006). Further, the
antioxidant properties of mucus are related to carbohydrate content of its mucoporteins which
act as radical species (Stabili, 2019). H. diversicolor have been found to produce more mucous
when exposed to certain pollutants including, graphene oxide, metals and pharmaceuticals
(Pires et al., 2022, Mouneyrac et al., 2003, Gomes et al., 2019). This is thought to be a defence
mechanism, with the mucous acting to bind harmful particles to prevent direct contact with the

body (Pires et al., 2022).
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Mucus quantity

Although no significant increase in mucus production was observed in this experiment
either at elevated temperatures (22°C) or reduced pH (pH7.3), there was a non-significant
increase in mean mucus mass (freeze dried sample) at pH8.1, 22°C. At pH7.3 mucus
production is remarkably consistent between 18°C and 22°C, whereas at pH8.1 there is more
variation in mucus production between 18°C and 22°C. Previous research has linked increased
mucus production to several stressors, including elevated levels of pollution (e.g. Bastidas and
Garcia, 2004) and increased water temperature (Neudecker, 1981, Tal et al., 2021). Mucus has
been hypothesised to isolate the animal from the environment in stressful conditions and act as
an ionoregulator (Davies and Hawkins, 1998). The results of this experiment indicate that H.
diversicolor is robust to a range of future climatic conditions with some indication that high
pH and high temperature increases mucus production. Producing mucus is energetically costly
(up to 70% of consumed energy), therefore its functionality as a buffer from stressful
environmental conditions may be only a short term solution (Davies and Hawkins, 1998). This
may partially explain why neither pH or temperature had a significant impact on mucus
production. There was also no significant impact of the pH: temperature interaction suggesting
that reduced pH and elevated temperatures combined are not causing the worms to produce

more mucous.

Biomass

Biomass was measured by adding the wet weight of each of the five worms added to
each sample. This was plotted against the freeze dried mucus mass to investigate the effect of
biomass on mucus production. Interestingly, lower biomass corresponds with higher levels of
mucus production (Figure 2.2). This could be due to increased sensitivity of smaller individuals

to environmental change causing an increase in production of protective mucus. Experiments
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on the polychaete Laeonereis acuta using hepatoma cell lines exposed to H>O», found that:
mucus co-exposure significantly lowered DNA damage induced by H»O; reactive oxygen
species production was significantly reduced when cells were exposed simultaneously with

mucus samples compared to H.O2 alone (Moraes et al., 2006).

Total carbohydrates

In this study total carbohydrate content of mucus was found to differ significantly
between pH7.3 and pH8.1 with significantly lower carbohydrate content at pH 7.3. In
addition total carbohydrate content varied significantly between 18°C and 22°C, with
significantly lower carbohydrate content at 22°C. The interaction between pH:temperature
did not have a significant effect on mucus carbohydrate content. The results do appear to
show that low temperature (18°C) and high pH (pH8.1) is associated with increased
carbohydrate content suggesting that the worms expended more energy on mucous
production in these conditions. These conditions are not typically considered stressful for the
worms used in these experiments, with the original worms collected from Hessle Foreshore,
where mean summer water temperature is 18°C and pH based on present day average ocean
pH of 8.1pH units (IPCC, 2013a). The lower levels of carbohydrate in the mucous of those
worms held at pH7.3, 22°C could be linked to lack energy reserves limiting production.
Indeed, Freitas et al. (2016) tested physiological responses of H. diversicolor to ocean
acidification and found that individuals under low pH (7.6 and 7.3) presented higher carbonic
anhydrase (CA) activity, lower energy reserves (protein and glycogen content) and higher
metabolic rate (measured as electron transport system activity). The increase on CA activity
was associated to organisms osmoregulation capacity while the increased metabolic rate and
decrease on energy reserves was associated to the polychaetes capacity to develop defence
mechanisms (e.g. antioxidant defences such as mucous). This lack of energy reserve and
reduced capacity to produce defence mechanisms could partially explain the low
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carbohydrate content of mucous produced at pH7.3. Elevated temperature has been found to
exacerbate the negative physiological effects caused by acidification in H. diversicolor,
including regeneration rate (Bhuiyan et al., 2021b). A similar interaction could be occurring
in this experiment, with pH and temperature impacting the physiology of the worms in such a

way that they are less able to produce carbohydrate-rich mucous.

The DuBois method used here to measure total carbohydrates detects nearly all
carbohydrate classes (mono-, di-, oligo-, and polysaccharides) (Nielsen, 2017). Mucins,
which are the glycoprotein that give mucus its elasticity and viscosity will be measured in the
DuBois assay (Masuko et al., 2005). The basic structure of mucins are fairly highly
conserved in metazoans and consists of a 200-500kDa protein core surrounded by

oligosaccharide side chains.

Bansil and Turner (2006) found carbohydrate content in mucus to be around 80%.
Stabili et al. (2014) found that the mucus of the polychaete Myxicola infundibulum consists of
95% water and a dry weight containing 2.1% protein, 0.2% carbohydrate, 3% lipid and 57%
inorganic materials. The mucus of several polychaete species has been found to be composed
of between 2 and 8% carbohydrates (Stabili, 2019). In this experiment, carbohydrate content
was found to be in the range of 1.7 to 5.4% of the total freeze dried sample suggesting the
presence of large amounts of other material. This remaining material is likely to contain a

mixture of protein, lipids and inorganic material (Stabili, 2019).

Bacterial abundance has been correlated with sediment carbohydrate concentrations
which in turn is correlated with mucus presence (Dale et al., 2019). Dale (2019b) found a 67%
increase in bacterial abundance in mucus treated sediment compared to sediment alone. In
addition, the same study found that increased carbohydrate concentration in sediments were

positively correlated with ammonia-oxidising bacteria (AOB) and archaea (AOA) as well as
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the AOB:AOA ratio, along with concomitant increases in nitrification rates. Nitrogen cycling
in estuarine sediments consists of a network of microbially mediated biogeochemical processes
which may be impacted by the presence of mucus secretions from burrowing invertebrates
(Dale et al., 2019). Dale et al. (2019) found that the addition of mucopolysaccharides from H.
diversicolor to sediments led to a more abundant and distinct microbial community as well as
bacterial and archaeal ammonia oxidisers, accompanied by an increase in nitrite and nitrate. H.
diversicolor mucus was therefore linked to enhanced sediment nitrification rates via

stimulation and feeding of nitrifying microbial groups.

In this experiment, both pH and temperature had a significant impact on the total
carbohydrate content of mucus (p=0.029 and 0.002 respectively) with higher pH and lower
temperatures associated with increased carbohydrate content. Lower pH and higher
temperatures are becoming more common in the marine environment and the conditions tested
here are likely to be common-place in estuarine habitats by the end of the century (Bindoff et
al., 2019). Producing mucus is energetically costly and reduced carbohydrate content observed
at lower pH and higher temperatures may be an energy saving mechanism in conditions that
could be more energetically costly. In addition, although mucus is thought to function as
protection from environmental conditions, it is possible that this is a short term strategy and

the exposure times used in this experiment reduced the effectiveness of this tactic.

The reduced carbohydrate concentrations in the mucus of H. diversicolor at these future
conditions could have an associated impact on microbial communities, potentially reducing the
presence of nitrifying microbial groups and nitrification rates. Due to the high density of
naturally occurring populations of H. diversicolor (up to 1150 individuals per m? (Duport et
al., 2006)) this reduction in carbohydrate content could have an ecosystem level impact in
estuarine habitats. In addition, Dale et al. (2019) suggest that H. diversicolor mucus excretions
could exceed 15 g m2 day ! and contribute 0.34 g C m2 day—1 and 0.05 g N m 2 day * to
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sediments. A reduction in the quality of this mucus contribution could significantly effect

sediment habitats, changing microbial fauna and altering nutrient cycling.

The presence of H. diversicolor mucus potentially alters cohesion in muddy sediments
and can have an effect on sediment fluxes and bedform development (Malarkey et al., 2015,
Hope et al., 2020, Kristensen et al., 2013, Tolhurst et al., 2002, Parsons et al., 2016).
Biologically cohesive extracellular polymeric substances (EPS) are typically considered to be
generated by microorganisms (e.g. Hope et al., 2020), however, the presence of mucus-
stabilised burrows is thought to impact the biodiversity and quantity of EPS producing
microorganisms (Dale et al., 2019). Previous studies have found that the presence of H.
diversicolor causes a decrease in the free-stream erosion threshold and an increase in erosion
rate (Kristensen et al., 2013). This is largely due to their feeding activities diminishing the
surface stabilizing effect of extracellular polymeric substances (EPS). However, the impact of
altered carbohydrate production with pH and temperature may have an impact on the EPS
producing microfauna that colonise H. diversicolor mucus. This could have an impact on
sediment stickiness in future pH (7.3) and temperature (22°C) conditions but more research

into this effect is needed.

Limitations and future work

Due to time and equipment constraints this experiment, although informative,
had a limited number of repeats with only three technical replicates per condition tested.
Despite this, statistically significant differences were identified between the carbohydrate
concentration in mucous produced at different conditions. Each replicate contained five worms
and a 300x 300mm polypropylene sheet was used as a medium for mucous adherence. Five
worms were used in each replicate to reduce issues with cannibalisation, however, in hindsight,

this was not a problem and therefore more worms could have been used. The addition of more
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worms in each replicate, along with a larger polypropylene sheet could have increased the
mucous yield which would have allowed for additional analysis (such as protein concentration)

and would have improved ease and accuracy of dry mass measurements.

H. diversicolor mucus has been linked to enhanced sediment nitrification rates via
stimulation and feeding of nitrifying microbial groups. However, there is scarce information in
the literature as to the impacts of quantity and carbohydrate concentrations in invertebrate
mucous and how these might affect biochemical cycling. Further investigation into the link
between invertebrate mucus production and nutrient cycling in a range of pH and temperature
conditions would help to unpick the impacts climate change might have of benthic ecosystems.
Analysis of the additional constituent components of H. diversicolor mucus and how they relate
to environmental conditions would also be informative and might provide insight into the
quality of mucus produced in stressful conditions. Additionally, mucus production and
composition in more extreme pH and temperature conditions as well as over an extended period
of exposure would allow more robust quantification of variations associated with climate

change.
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5.0. Conclusion

5.1. Chemical Communication and Environmental Change

This is the first time that GSH and DMS have been observed as acting as a food cue for
H. diversicolor. This is also the first time that urea has been observed acting as a predator cue.
In addition, this is the first time worms have been observed with varied, and in some cases
opposite, response to chemical cues over a range of pH conditions. This is in spite of the worms
tested being adapted to specific pH and temperatures, having been bred and raised in these
conditions. These results indicate a concerning change in behavioural response to food and
predator cues in low pH/ high temperature conditions. Conceivably, alterations in the ability to
sense and respond appropriately to food and predator cues could reduce survival rates and
significantly reduce fitness. Climate change is likely to drive further reductions in ocean pH
and increases in temperature over the next century and, in estuarine environments, this will
lead to longer periods in which these extremes will be experienced. H. diversicolor is regularly
exposed to fluctuating pH and temperatures and was considered well adapted to tolerate these
conditions (Budd, 2008). The results of this study indicate that, although tolerant to these
fluctuations, the ability of this species to function effectively is reduced. This could have
population level impacts on this keystone species as exposure to pH and temperature extremes

becomes more frequent and normalised.

Here we tested several food and predator cues, but similar impacts may occur for any
chemical cue, for example reproductive chemical cues. H. diversicolor are dioicous and
semelparous, spawning only once in a lifetime (Budd, 2008). The worms spawn synchronously
in spring, with timing thought to be triggered by a combination of increasing temperatures,
lunar cycle and pheromones. Pheromones are of particular use in the final stages of

reproduction for co-ordinating processes such as mate location and the synchronization of
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gamete release and spawning at the population level (Budd, 2008). Currently the chemical
properties of H. diversicolor pheromones are unknown and the impacts of climate change on
their functionality unclear. However, given the results of chapter 2, the impacts of pH and
temperature have the potential to affect chemical sensing across all life stages with serious

implications for a broad range of life history traits, including reproduction.

Behavioural response to changing ocean conditions has the potential to mitigate some
of the negative impacts, for example, mobile species migrating to more hospitable regions or
increasing ventilation activity to compensate for reduced pO.. However, some behavioural
changes are driven by shifts in body chemistry and are therefore less of an adaptation to
changing conditions and more of an involuntary consequence. Adaptation and acclimation to
environmental change has the potential to offset some of the negative consequences of climate
change, particularly in short-lived, rapidly reproducing species such as H. diversicolor (Gibbin
et al., 2017). However, the experiments in this thesis all used animals that are second and third
generation, bred and raised in their respective environmental test conditions. Despite this, the
consequences of pH and temperature were still measurable in nearly all experiments conducted,

suggesting that adaptation was limited.

Chemical signalling is the oldest form of communication and is pervasive across living
organisms; from single celled bacteria to complex species such as humans (Hardege, 1999).
Information transfer between invertebrates in the marine environment heavily relies on
chemical communication (Hardege, 1999). Hearing, vision and mechanoreceptors also
contribute to varying degrees. For example, in turbid estuarine environments visibility is low
and therefore less useful as a means of communication. Marine animals rely on chemical cues
to survive, using chemical sensing to detect food, predators/ prey, conspecifics, habitat, mediate
social interaction and stimulate spawning, (e.g. Poulin et al., 2018, Abreu et al., 2016,
Breithaupt, 2011, Kicklighter et al., 2011, Schaum et al., 2013, Sutrisno et al., 2014, Hardege,
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1999). Altered response to chemical signals driven by changing environmental conditions has
the potential to impair the ability of marine organisms to perform all of these functions. For
prey species, rapid detection of predators is crucial in order to initiate a predator avoidance
response and escape capture. Predator kariomones, disturbance cues released by stressed prey
(Ferrari et al., 2010), and alarm cues released by injured con-specifics (Ferrari et al., 2010) are
all used to detect danger. Ferrari et al. (2010) argues that early predator detection by prey is
subject to greater evolutionary pressure compared to prey detection by predators because the
outcome is more severe for a prey species (the ‘lunch versus life’ concept). Therefore, it is
particularly concerning that, urea, the predator cue identified in chapter 2, was found to elicit
non-significant behavioural responses in higher temperatures and at reduced pH (see Figure
2.7, chapter 2). In addition, it is similarly concerning that chondroitin sulphate elicited a non-
significant avoidance response at 18°C, yest acted as a food cue at 22°C, eliciting feeding

behaviour.

Even with decades of research, it has proved difficult to identify any specific molecular
compounds involved in the recognition of environmental information (Chivers and Smith,
1998, Roggatz et al., 2016, Poulin et al., 2018). A successful chemical cue needs to travel to
the receiver via diffusion or be transported by currents. It also has to be specifically targeted
and elicit a specific reaction by the receiver (Hardege, 1999). Additionally, an organism must
be able to respond to low threshold concentrations so as to reduce the energetic cost of
synthesising pheromones and increase ability to quickly react to cues (Hardege, 1999). These
requirements allow researchers to narrow their search and has led to speculation as to the types
of molecules that are likely to fit these requirements. In aquatic environments, small lipophilic
molecules have limited interaction with polar water molecules, allowing them to be transported
further (Hardege, 1999). Small peptides have also been proposed as a candidate cue type due

to their small size and associated rapid dispersal, numerous forms (allowing for a range of
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bouquets) and chemical stability (Rittschof, 1990). Despite the specificity required, it is
probable that certain molecules act heterospecifically as chemical cues, with some cues
mediating opposing behaviours in different species (e.g. Rittschof, 1990). Hardege et al. (1998)
used electrophysiological and behavioural assays to show that coelomic fluid stimulates the
receptors of 10 different Nereid species, indicating that overlap of cues does indeed occur. Uric
acid, nereithione and GSH was found to explain some of this hetrospecificity (Hardege et al.,
1997). Here we confirm that GSH and DMS elicit significant feeding responses in H.
diversicolor and that urea elicits significant avoidance response (only in pH8.1, 18°C). Further
work investigating behavioural and electrophysiological responses to combinations of
chemical cues would be beneficial for identifying: 1) responses to more ‘natural’ cues, which
are likely to be combinations of molecules and 2) whether the impact of multiple molecules

offset the negative impacts on response caused by changing pH and temperatures.

Nereidid worms have long been used as model organisms to investigate response to
chemical cues. They have relatively simple anatomical organisation, are common and easy to
collect, culture well in the laboratory and manipulation of their life cycle is possible via
photoperiod/ temperature and artificial moonlight (Hardege, 1999). However, the impacts of
ocean acidification have been found to be quite species-specific and it would be useful to run
similar behavioural experiment to those conducted in chapter 2 on other polychaetes. This
would help build understanding of how universal these cues are and whether other species will

be similarly impacted.

One mechanism driving behavioural change in marine organisms is caused by the
protonation of signalling peptides driven by more acidic conditions (Roggatz et al., 2016).
Ocean acidification will create conditions that allow protonation of amino-acid containing
signalling peptides with a pKa similar the pH of seawater. Protonation of peptides will alter
their charge and in doing so may also modify their structure. Such alterations can affect the
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ability of an organism to receive and understand the signalling peptide (Roggatz et al., 2016).
Roggatz et al. (2016) demonstrated this empirically using signalling peptides used by Carcinus
maenus to mediate egg ventilation behaviour. At reduced pH it was found that around 10 times
the amount of signalling peptide was required to initiate egg ventilation due to protonation of
the signalling peptide interfering with reception by the animal (Roggatz et al., 2016). Here we
identified that urea, taurine and GSH change their protonation state over the pH range tested
(see figure 2.8 and 2.9 in chapter 2), potentially accounting for some of the differences in
behavioural response observed. Other chemicals tested undergo different chemical changes,
such as ATP, which hydrolysis in aqueous solutions above pH7.4. However, the structure of
chondroitin sulphate is relatively stable across a broad pH and temperature range (pH6 to 11,
pKa ~ 2.7 and 10 to 90°C) (Profant et al., 2019) suggesting that the variation in activity is
physiologically driven. It is possible that a complex interplay between chemical and
physiological change is driving the differences in behavioural response observed across the pH

and temperature conditions tested and more work will need to be done to unpick this.

5.2. Burrow Oxygen and Environmental Change

This is the first time that the impacts of both temperature and pH have been linked to
oxygen levels in burrows and surrounding sediments. Warmer temperatures (22°C) led to
slightly higher Oxygen ratios, possibly linked to increased O requirements by H. diversicolor
in these conditions triggering an increased ventilation effort. At pH 7.3 and pH 8.1 Oxygen
ratio was reduced suggesting lower ventilation effort and/or reduced oxygen demand by the
worm. Oxygen penetration depth into surrounding sediments reduced with declining pH and
declining temperatures. In chapter 4, mucus carbohydrate concentrations were found to be
lower at reduced pH, and in chapter 3 lower pH was linked to lower penetration of oxygen.
This would suggest that low carbohydrate concentrations at the burrow wall are associated with
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a reduction in penetration depth. However, higher temperatures were also strongly associated
with lower mucus carbohydrate concentrations and these same reduced temperatures were
linked to significantly higher oxygen penetration depths in chapter 3. Increased carbohydrate
levels have been linked to the increased microbial colonisation of the carb rich mucus(Dale,
2019a). The composition of microbes is also related to pH and temperature conditions and the
interplay between microbial communities colonising the mucous and their oxygen demand may

partially explain the changes in oxygen penetration depth.

These results indicate that future pH conditions may cause an decrease in sediment oxic
zone, which in turn may cause alterations in aerobic respiration and organic matter breakdown
in marine sediments. Lower pH and higher temperatures both led to reduced oxygen
penetration depth into the sediment, which may cause an increase in sediment oxic zone in
these conditions, with associated alterations in aerobic respiration and organic matter
breakdown in marine sediments. Water temperature regulates oxygen and carbonate solubility
with warmer temperatures causing reduced oxygen solubility. Despite this, oxygen penetration
depth was higher at warmer temperatures suggesting that additional ventilation effort or

reduced oxygen consumption by the worms might be occurring.

Alterations in oxygen penetration depth across different pH and temperature conditions
have the potential to radically change the volume of oxic sediment in estuarine habitats. Here
we found the highest penetration depth occurring in pH8.1, 22°C (median 0.6658mm) and the
lowest in pH7.3, 18°C (median 0.4685mm). This represents a 29.6% change on oxygen
penetration depth. Based on average burrow width for a medium worm of 2.2mm and average
burrow length of 160mm (Davey, 1994) and using the formula below, the volume of the oxic

zone around an average burrow can be calculated.
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V1 = nry*h for the volume enclosed by C1 Tube Shape

V2 = mrp?h for the volume enclosed by C2 p
<y’

C1-C2 = volume of tube wall

Using this formula the oxic zone around an average burrow in pH8.1, 22°C is
959.09mm3 compared to 628.42mm?® in pH7.2, 18°C. Taking this further, average H.
diversicolor population density in suitable estuarine habitats is 1150 adult individuals per m?
(Duport et al., 2006). Assuming one burrow per individual the oxic zone around burrows in
pH8.1, 22°C would be 1,102,953.96mm?3 per square meter compared to 722,683mm?2in pH7.3,
18°C, a 34.48% reduction in oxic zone. Changing pH and temperature conditions have clearly
have the potential to meaningfully alter the volume of oxic habitat available in estuaries, which
will have knock on effects on nutrient and organic matter cycling as well as microbial

communities in sediments (Damashek and Francis, 2018).

As keystone species (Moreira et al., 2006, Mermillod-Blondin et al., 2005) burrowing
Hediste diversicolor provides a service to microbes and meiofauna by providing additional
oxygenated habitat at the sediment-water interface. Banta et al. (1999) found that the presence
of H. diversicolor in sandy sediment stimulated O2 uptake and CO2 release by 80 to 90%
indicating an increase in benthic metabolism by the worms and associated microbial activity.
Increasing oxygenation of the sediment alters the pace of nutrient and organic matter cycling
and the feeding activities of this species acts as a rate-limiting step in estuarine detritus
processing (Moreira et al., 2006, Mermillod-Blondin et al., 2005). The transformation of
carbon and nitrogen substances along with sediment-water interface fluxes are important

drivers of biogeochemical cycling.
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Plankton dynamics are largely responsible for the rate of deposition of organic matter
on marine sediments. However, biodeposition, biological resuspension and infaunal particle
mixing contribute to net incorporation into sediments (Christensen et al., 2000, Graf and
Rosenberg, 1997). Burrowing organisms are known to encourage microbially mediated
decomposition processes in marine sediments (Andersen and Kristensen, 1991, Marinelli and
Boudreau, 1996). Burrow creation essentially extends the sediment-water interface and
irrigation enhances solute fluxes and creates steeper solute gradients (Martin and Banta, 1992,
Aller, 1994b, Fenchel, 1996, Reichardt, 1988). The remineralisation and release of inorganic
nitrogen from marine sediments benefits primary producers (Andersen and Kristensen, 1991).
Biogeochemical cycling in estuarine habitats is complex and dependant on a range of locally
specific factors such as riverine input, tidal factors and sediment type (Martin, 2009). However,
the importance of burrowing organisms is generally agreed, even if the exact mechanisms are
not fully understood. Changes in the volume of oxic zone surrounding H. diversicolor burrows,
as identified here, could have a range of complex effects on ecosystem functioning. Potentially
altering microbially mediated decomposition processes and limiting chemical cycles, such as
the nitrogen cycle which would have knock on effect on primary producers that rely on the

release of inorganic nitrogen from marine sediments.

The presence of burrowing organisms can increase anaerobic sulphate reduction 3 to 5
times by drawing additional electron acceptors (sulphate) deeper into the sediment.
Denitrification is similarly enhanced, with Nereid burrows contributing an estimated 50 to 80%
of bulk sediment denitrification (Andersen and Kristensen, 1991). Burrow ventilation is
thought to cause an influx of sulphate and nitrate electron acceptors and an outflow of reduced
sulphide and ammonium (Andersen and Kristensen, 1991) and it has been estimated that
polychaetes such as H. diversicolor ventilate at a rate of 10-20 ml water g-1 hr-1 (Kristensen,

1988). Recent work by Dale (2019) has found that the polysaccharide secretions of burrowing
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invertebrates can stimulate nitrification and denitrification processes, enhancing the nitrogen
cycle. However, Banta et al. (1999) argues that the presence of burrowing organisms increases
solute flux and thereby inhibits anaerobic decomposition with lower sulphate reduction rates
seen in experimental setups containing H. diversicolor or Arenicola marina. Increased water
temperature, (which was found to be associated with increased oxygen penetration in chapter
3) also affects important microbial processes such as nitrogen fixation and denitrification in

estuaries(Lomas et al., 2002).

Periodic ventilation of burrows by benthic invertebrates creates oscillating redox
conditions, providing episodic exposure to oxygen, which have been shown to result in more
complete (and sometimes more rapid) breakdown of organic matter than constant conditions
(Aller, 1994b). Estuarine environments are highly fluctuating environments with daily and
seasonal pH, temperature and salinity cycles. Environment Agency data collected at New
Holland in the Humber Estuary between 1991 and 2005 show daily fluctuations of 0.56 pH
units between low and high tide (pH 7.77 to pH 8.26) and seasonal fluctuations of 1.54 pH
units (pH 7.0 to pH 8.54), as well as seasonal temperature fluctuations of 19.5°C (3°C to
22.5°C). The pH and temperature conditions used in this study are therefore not outside of
present-day extreme conditions and these extremes will likely get more exaggerated with

climate change.

Here we calculated a 34.48% reduction in oxic zone depending on pH and temperature
conditions. Although estuarine environments fluctuate naturally, climate change will generally
lead to reduced average pH and in estuaries lower pH extremes (Bindoff et al., 2019). Chapter
3 identified a significant reduction in oxygen penetration depth between pH 8.1 and pH7.3. If
a similar reduction occurs as pH declines further with ocean acidification in the coming decades

the oxic zone around burrow walls could decrease even more.
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5.3. Mucous Production and Environmental Change

In this study the mass of mucous produced (per gram of worm biomass) did not vary
significantly with pH or temperature. Total carbohydrate content of mucus was found to differ
significantly between pH7.3 and pH8.1 with significantly lower carbohydrate content at pH
7.3. In addition, total carbohydrate content varied significantly between 18°C and 22°C, with
significantly lower carbohydrate content at 22°C. The interaction between pH:temperature did
not have a significant effect on mucus carbohydrate content. The results do appear to show that
low temperature (18°C) and high pH (pH8.1) are associated with increased carbohydrate
content suggesting that the worms expended more energy on mucous production in these
conditions. These conditions are not typically considered stressful for the worms used in these
experiments, with the original animals collected from Hessle Foreshore, where mean summer
water temperature is 18°C and pH equivalent to present day average ocean pH of 8.1pH units
(IPCC, 2013a). The lower levels of carbohydrate in the mucous of those worms held at pH7.3,
22°C could be linked to lack energy reserves limiting production. Based on the results found
here, future pH and temperature conditions will lead to a reduced level of carbohydrates in the
mucous produced by H. diversicolor and therefore lower carbohydrate levels in the sediment.
This will have a knock on effect on the microbial communities that are able to colonise H.
diversicolor burrows reducing the resources they have available to consume (Michaud et al.,

2010).

Recent work by Dale (2019) has found that the polysaccharide secretions of burrowing
invertebrates can stimulate nitrification and denitrification processes, enhancing the nitrogen
cycle. However, Banta et al. (1999) argues that the presence of burrowing organisms increases
solute flux and thereby inhibits anaerobic decomposition with lower sulphate reduction rates
seen in experimental setups containing H. diversicolor or Arenicola marina. It is plausible that

future environmental conditions and their impact on mucous carbohydrate levels will have a
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knock on effect on nitrate cycles, reducing nitrification and denitrification processes. The
reduced carbohydrate concentrations in the mucus of H. diversicolor at these future conditions
could also have an associated impact on microbial communities, potentially reducing the
presence of nitrifying microbial groups and further reducing nitrification rates. Due to the high
density of naturally occurring populations of H. diversicolor (up to 1150 individuals per m?
(Duport et al., 2006)) this reduction in carbohydrate content could have an ecosystem level
impact in estuarine habitats. In addition, Dale et al. (2019) suggest that H. diversicolor mucus
excretions could exceed 15 g m™2 day * and contribute 0.34 g C m 2 day—1 and 0.05 g N m 2
day ! to sediments. A reduction in the quality of this mucus contribution could significantly

effect sediment habitats, changing microbial fauna and altering nutrient cycling.

Marine invertebrate mucus has a range of functions, from reducing drag to enhancing
adhesion and reducing sedimentation (Stabili, 2019). In addition, marine invertebrate mucus
serves as a microhabitat, providing food and stability for a range of microbial fauna (Stabili,
2019). Experiments using coral mucus found elevated oxygen use in seawater containing coral
mucus samples compared to seawater alone suggesting significant microbial activity (Coles
and Strathmann, 1973). These bacteria may act as a carrier for energy, creating a food chain
converting mucus compounds into organic matter (Coles and Strathmann, 1973). Mucus may
also act as a protective coating, reducing the impacts of stressful environmental conditions.
Infaunal polychaete species such as H. diversicolor are likely to use mucus secretions as a
protective mechanism against pollutants and reactive oxygen species. Further, the antioxidant
properties of mucus are related to carbohydrate content of its mucoproteins which act as radical
species (Stabili, 2019). Previous research has linked increased mucus production to several
stressors, including elevated levels of pollution (e.g. Bastidas and Garcia, 2004) and increased
water temperature (Neudecker, 1981, Tal et al., 2021). Producing mucus is energetically costly,

therefore its functionality as a buffer from stressful environmental conditions may be only a
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short term solution (Davies and Hawkins, 1998). The mucous produced in lower pH and at
higher temperatures contained lower total carbohydrate levels, which could impact the
functionality of the mucous. In particular, lower carbohydrate levels could reduce the
protective nature of the mucous which could exacerbate immunological impairment driven by

more acidic conditions (Cuvillier-Hot et al., 2018).

Increased PCOg, driving a reduction in ocean pH along with increasing temperatures in
marine environments impacts organisms in a number of ways. Mobile species tend to move
pole-wards to avoid increasing temperatures, however, reduced pH is more difficult to avoid.
H. diversicolor may be particularly vulnerable to climate change due their lack of planktonic
larvae and associated reduction in dispersal distance and population mixing (Lawrence and
Soame, 2004). However, this is likely mitigated somewhat by their wide distribution and
tolerance to a variety of conditions. In addition, climate migrants looking for more hospitable
environments may be inhibited by the lack of connectivity of isotherms, effectively stranding
organisms in a pocket of habitable conditions (Burrows et al.,, 2014). Adaptation and
acclimation to environmental change has the potential to offset some of the negative
consequences of climate change, particularly in short-lived, rapidly reproducing species such
as H. diversicolor (Gibbin et al., 2017). However, the experiments in this thesis all used animals
that are second and third generation, bred and raised in their respective environmental test
conditions. Despite this, the consequences of pH and temperature were still measurable in

nearly all experiments conducted, suggesting that adaptation was limited.

5.4. Climate change and polychaetes
Rapid climate change has been observed numerous times throughout geological history

and appears to come hand-in-hand with declining biodiversity. In the ocean it is typically
calcifying organisms that suffer the heaviest losses however loss of hardy, benthic invertebrates

has been observed during mass extinctions. Figure 5.4 below uses data from the Paleo-biology
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database to illustrate fluctuations in the number of polychaete genera throughout the

Phanerozoic.
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Figure 5. 1: Number of occurrences of the class polychaeta throughout the Phanerozoic
based on fossil records. Cm = Cambrian, O = Ordovician, S = Silurian, D = Devonian, C=
Carboniferous, P= Permian, T= Triassic, J = Jurassic, K = Cretaceous Pg = Paleogene,
(Paleobiology Database, 2019) Range through diversity (dotted line) shows each taxon as
present from its first occurrence to its last occurrence, whether or not it was ever found in the
fossil record in the intervening intervals. Origination and extinction rates (green and red

lines) are estimated here using the "per-capita rate™ method of (Foote, 2000)
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The results of this project provide evidence that the impacts of climate change will lead
to increasing energetic costs with the potential to drive population declines in H. diversicolor.
Similar mechanisms may have contributed to the extreme declines observed during past mass
extinctions. The Permian-Triassic mass extinction was associated with similar levels of pH and
temperature change as those predicted for the end of this century. In this research we have
found evidence that the primitive sensory systems of polychaete worms are impaired by
changing pH and temperatures making them less able to respond appropriately to chemical
cues. In addition, increased mucus carbohydrate levels were produced at lower temperatures
and higher pH which is associated with increased microbial colonisation and increased rates of
nutrient cycling. Reduced pH and higher temperatures observed during the Permian-Triassic
were associated with microbial mudflats, with little infaunal or burrowing activity. Declining
polychaete samples in the fossil record correspond with periods of climatic change (see Figure

5.1) suggesting that they are susceptible to changing environmental conditions.
Future work

There is a paucity of research into the impacts of multiple stressors as well as the interaction
between multiple species in stressful conditions. More research is needed to investigate the
physiological responses of different taxa to future ocean conditions and elucidate the impacts
these responses might have on survival and community ecology in the marine environment. It
would be interesting to conduct a meta-analysis of the literature comparing the variability of
abiotic conditions (pH, temperature etc.) to the breeding behaviour of species in that habitat.
One particularly interesting avenue for such analysis lies in determining whether it is more
likely for species in variable, estuarine environments to be broadcast spawners (potentially
exposing their gametes to harsh conditions), egg brooders (environmental variation can be

some-what mediated) or external bearers of young.
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Supplementary materials - Chapter 2

SUPPLEMENTARY MATERIALS - CHEMICAL CUES

DMS

Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.75659, p-value < 2.2e-16)

Levene’s test for homogeneity of variance

Data tested for homogeneity of variance using a Levene’s test in R and found to have
heteroscedastic variance (DF=8, F-value 8.7088, p 2.18e-11)

Robust factorial repeated measures ANOVA

Table S2. 1: Results of robust factorial repeated measures ANOVA using WRS2 package in R

value dfl df2 p.value
temp 29.4925 1| 190.8966 0
ph 0.0799 1|167.7703 | 0.7778
temp:ph 7.3607 1| 167.7703 | 0.0074

Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response
at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison
test was run. The full results are shown below. Signif. codes: 0 “***’ 0.001 “**” 0.01 “** 0.05

20171

193



Table S2. 2: : Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C

Estimate |Std. Error [t value | Pr(>|t])
1x107-2 Control 18.559 5.833| 3.182| 0.0118|*
1x10~-3  |Control 11.649 5.833| 1.997| 0.2378

1x10”~-4  |Control 5.286 5.833| 0.906| 0.9278
1x107~-5  |Control 2.31 5.833| 0.396| 0.9996
1x107-6  |Control 7.395 5.833| 1.268| 0.7146
1x10”~-7  |Control 7.797 5.833| 1.337| 0.6638

1x107-8 Control 23.628 5.833| 4.051(<0.001 [***
1x10”-9 Control 39.633 5.833 6.794|<0.001 |***

Table S2. 3:: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Estimate

Std. Error [tvalue |Pr(>|t])
1x107-2 Control 5.888 7.946| 0.741| 0.9754
1x107-3 Control 24.436 7.946| 3.075| 0.0164|*
1x107-4 Control 3.498 7.946 0.44| 0.9992
1x107-5 Control 21.702 7.946| 2.731| 0.0437|*
1x107-6 Control 32.283 7.946| 4.063|<0.001 ([***
1x107-7 Control 17.786 7.946| 2.238| 0.1447
1x107-8 Control 13.85 7.946| 1.743| 0.3752
1x107-9 Control 24.909 7.946| 3.135| 0.0138|*

Table S2. 4: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C

Estimate |Std. Error [t value |Pr(>|t])

1x107-2  |Control 3.058 4.475| 0.683| 0.9847
1x107-3  |Control 7.276 4.475| 1.626| 0.45177
1x107-4  |Control 4.26 4.475| 0.952( 0.90858
1x107-5 |Control 7.433 4.475| 1.661| 0.42792
1x107-6  |Control 5.595 4.475 1.25| 0.72732

1x107-7  |Control 12.234 4.475| 2.734| 0.04337|*
1x107-8  |Control 16.646 4.475 3.72| 0.00205|**
1x107-9  |Control 5.341 4.475| 1.193| 0.76767
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Table S2. 5: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 22C

Estimate |Std. Error [tvalue |Pr(>|t])
1x10A7-2 Control 37.416 5.475| 6.834|<0.001 [***
1x107-3 Control 45,718 5.475 8.35|<0.001 [***

1x107-4  |Control 18.032 5.475| 3.293| 0.00825|**
1x107-5 |Control 15.119 5.475| 2.761| 0.04024|*
1x107-6  |Control 13.914 5.475| 2.541| 0.07129]|.
1x107-7  |Control 15.161 5.475| 2.769| 0.03934|*

1x107-8 Control 22.584 5.475| 4.125|<0.001 [***
1x10”-9 Control 10.598 5.475( 1.936] 0.26707

Curve fitting
In order to analyse the dose-response relationship between cue concentration and activity in

each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit mono or
multiphasic curves. The fitted curves and associated parameters are detailed below.
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Figure S2. 1: Dose response fitted curves for response of Hediste diversicolor to DMS A) pH8.1, 18C,
goodness of fit = 0.001. B) pH8.1, 22C, goodness of fit <0.0001. C) pH7.3, 18C, goodness of fit
<0.0001. D) pH7.2, 22C, goodness of fit <0.0001.
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Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.61668, p-value < 2.2e-16)

Levene’s test for homogeneity of variance

Data tested for homogeneity of variance using a Levene’s test in R and found to have

heteroscedastic variance (DF=8, F-value=2.7 , p =0.006)

Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response

at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison
test was run. The full results are shown below. Signif. codes: 0 “***> (0.001 “*** 0.01 “** 0.05

0171

Table S2. 6: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C

Estimate |Std. Error [t value |Pr(>|t])

1x107-2 Control 2.5449 3.6732| 0.693 0.983
1x107-3 Control 0.8448 3.6732 0.23 1
1x107-4 Control | -1.3707 3.6732| -0.373 1
1x107-5 Control | -1.3877 3.6732| -0.378 1
1x107-6 Control 1.6777 3.6732| 0.457 0.999
1x107-7 Control 1.1068 3.6732| 0.301 1
1x107-8 Control 5.3496 3.6732| 1.456 0.574
1x107-9 Control 7.5177 3.6732| 2.047 0.216
Table S2. 7: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Estimate |Std. Error |tvalue [Pr(>|t])
1x107-2  |Control 26.785 7.712| 3.473| 0.00459**
1x107~-3  |Control 16.112 7.712| 2.089| 0.19831
1x107-4  |Control 4.885 7.712| 0.633| 0.9904
1x107-5 |Control 2.377 7.712| 0.308| 0.99994
1x107-6  |Control 20.541 7.712| 2.663| 0.05218|.
1x107-7  |Control 28.854 7.712| 3.741| 0.00179**
1x107-8  |Control 37.121 7.712| 4.813(<0.001 [***
1x107-9  |Control 24.322 7.712 3.154| 0.01292|*
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Table S2. 8: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C

Estimate Std. Error | tvalue Pr(>t|)
1x107-2 | Control -1.331 6.311 -0.211 1
1x107-3 | Control 5.976 6.311 0.947 0.911
1x10"-4 | Control 5.799 6.311 0.919 0.923
1x107-5 | Control 8.299 6.311 1.315 0.68
1x107-6 | Control -6.471 6.311 -1.025 0.872
1x107-7 | Control -4.596 6.311 -0.728 0.978
1x107-8 | Control 2.862 6.311 0.453 0.999
1x107-9 | Control 2.93 6.311 0.464 0.999

Curve fitting
In order to analyse the dose-response relationship between cue concentration and activity in

each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit mono or

multiphasic curves. The fitted curves and associated parameters are detailed below.

197



pH8.1 18C pH8.1 22¢C
30t
60
20t
o % 40 @
2 10t o t
2 7 -
& o 20t
o o
0
_10_
o 0.0010.01
0.0010.01 Cone
Conc
C
pH7.3 22C
80F
60f ‘
2
5 401
% m
[+
& 2ot
0

0.0010.01
Conc

Figure S2. 2: Dose response fitted curves for response of Hediste diversicolor to ATP A) pH8.1, 18C,
goodness of fit =0.001. B) pH8.1, 22C, goodness of fit <0.0001. C) pH7.3, 18C, goodness of fit =0.003.

TAURINE

Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.8518, p-value < 2.2e-16)

Levene’s test for homogeneity of variance

Data tested for homogeneity of variance using a Levene’s test in R and found to have

heteroscedastic variance (DF=8, F-value, p =1.46e-9)
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Robust factorial repeated measures ANOVA

Table S2. 9: Results of robust factorial repeated measures ANOVA using WRS2 package in R

value dfl df2 p.value

temp 3.4161 12125985 | 0.066

ph 4.3354 1|211.6463 | 0.0385

temp:ph | 32.4544 1|211.6463 | 0.000
Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response

at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison

test was run. The full results are shown below. Signif. codes: 0 “**** 0.001 “*** 0.01 “** 0.05

0171
Table S2. 10: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C
Estimate Std. Error t value Pr(>[t])

1X107-2 Control 39.799 8.229 4.837 | <0.001 okl
1X10"-3 Control 24.985 8.229 3.036 0.01864 | *
1X10"-4 Control 13.857 8.229 1.684 0.41282
1X10"-5 Control 27.989 8.229 3.401 0.00587 | **
1X10"-6 Control 21.509 8.229 2.614 0.05929
1X107-7 Control 22.505 8.229 2.735 0.04322 | *
1X10"-8 Control 23.569 8.229 2.864 0.0304 | *
1X10"-9 Control 37.801 8.229 4594 | <0.001 folakel

Table S2. 11:Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Estimate | Std. Error | t value Pr(>|t])
1X10"-2 Control 6.098 6.13 0.995 0.8882
1X107-3 Control 14.415 6.13 2.352 0.1122
1X10n-4 Control 3.688 6.13 0.602 0.9931
1X107-5 Control 14.218 6.13 2.319 0.1208
1X10"-6 Control 3.347 6.13 0.546 0.9963
1X107-7 Control 15.557 6.13 2.538 0.0717
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1X10"-8 Control 15.08 6.13 2.46 0.0871
1X107-9 Control 46.017 6.13 7.507 | <0.001 folalal
Table S2. 12: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C
Std.
Estimate | Error t value Pr(>|t|)
1X107-2 Control 8.358 6.752 1.238 | 0.7364
1X107-3 Control 12.014 6.752 1.779 | 0.3528
1X10"-4 Control 15.248 6.752 2.258 | 0.1385
1X107-5 Control 12.437 6.752 1.842 | 0.3169
1X10"-6 Control 21.452 6.752 3.177 | 0.0121 | *
1X107-7 Control 20.53 6.752 3.041 | 0.0182 | *
1X10"-8 Control 35.654 6.752 5.28 | <0.001 | ***
1X107-9 Control 12.202 6.752 1.807 | 0.3365

Table S2. 13: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 22C

Std.

Estimate | Error t value Pr(>|t])
1X107-2 Control 24.012 6.865 3.498 | 0.00422 | **
1X107-3 Control 46.162 6.865 6.724 | <0.001 | ***
1X10"-4 Control 26.434 6.865 3.85| 0.00126 | **
1X10"-5 Control 17.747 |  6.865 2.585 | 0.06383
1X10"-6 Control 24.007 6.865 3.497 | 0.00423 | **
1X107-7 Control 24.49 6.865 3.567 | 0.00333 | **
1X10"-8 Control 22.145 | 6.865 3.226 | 0.01035 | *
1X107-9 Control 31.176 6.865 4541 | <0.001 | ***

Curve fitting

In order to analyse the dose-response relationship between cue concentration and activity in

each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit mono or

multiphasic curves. The fitted curves and associated parameters are detailed below.
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Figure S2. 3: Dose response fitted curves for response of Hediste diversicolor to taurine A) pH8.1, 18C,
goodness of fit < 0.0001. B) pH8.1, 22C, goodness of fit <0.0001. C) pH7.3, 18C, goodness of fit
<0.0001. D) pH7.2, 22C, goodness of fit <0.0001.

GSH

Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.80975, p-value < 2.2e-16)

Levene’s test for homogeneity of variance

Data tested for homogeneity of variance using a Levene’s test in R and found to have
heteroscedastic variance (DF=8, F-value 9.3985, p = 2.18e-12).
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Robust factorial repeated measures ANOVA

Table S2. 14: Results of robust factorial repeated measures ANOVA using WRS2 package in R

Table

S2.13: value dfl df2 p.value

temp 12.5039 1| 212.519 | 0.0005

ph 4.4011 1 |200.4508 | 0.0372

temp:ph 2.817 1 |200.4508 | 0.0948
Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response

at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison

test was run. The full results are shown below. Signif. codes: 0 “**** 0.001 “*** 0.01 “** 0.05

0171

Table S2. 15: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C

Std.

Estimate Error tvalue | Pr(>|t|)
1X107-2 Control -9.905 6.408 | -1.546 0.508
1X107-3 Control -8.168 6.408 | -1.275 0.71
1X10n-4 Control -9.22 6.408 | -1.439 0.587
1X107-5 Control 3.494 6.408 0.545 0.996
1X10"-6 Control 8.774 6.408 1.369 0.639
1X10n-7 Control 27.024 6.408 4.217 | <0.001 | ***
1X10"-8 Control 26.986 6.408 4.211 | <0.001 | ***
1X107-9 Control 35.362 6.408 5.518 | <0.001 | ***

Table S2. 16: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Std.
Estimate Error t value Pr(>t|)
1X107-2 Control 22.899 8.619 2.657 | 0.05314
1X10"-3 Control 18.81 8.619 2.182 | 0.1631
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1X10"-4 Control 24.986 8.619 2.899 | 0.02751 | *
1X107-5 Control 34.589 8.619 4,013 | <0.001 | ***
1X10"-6 Control 24.335 | 8.619 2.823 | 0.03386 | *
1X107-7 Control 17.592 8.619 2.041 | 0.21807
1X10"-8 Control 31.904 | 8.619 3.701 | 0.00219 | **
1X107-9 Control 24.75 8.619 2.871 | 0.02949 | *

Table S2. 17Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C

Std.
Estimate Error tvalue | Pr(>|t|)
1X107-2 Control 5.278 7.884 0.67 | 0.98648
1X107-3 Control 2.565 7.884 | 0.325| 0.99991
1X10M-4 Control 17.23 7.884 | 2.185 0.1621
1X107-5 Control 11.651 7.884 1.478 0.5579
1X10"-6 Control 26.656 7.884 | 3.381| 0.00632 | **
1X101-7 Control 20.56 7.884 | 2608 | 0.06014
1X10"-8 Control 30.996 7.884 | 3931 |<0.001 |***
1X10"-9 Control 28.286 7.884 | 3.588 | 0.00311 | **

Table S2. 18: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 22C

Estimate | Std. Error | t value Pr(>|t])
1X107-2 Control 13.791 7.505 1.838 | 0.3192
1X107-3 Control 16.843 7.505 2.244 1 0.14279
1X10n-4 Control 16.138 7.505 2.15 | 0.17477
1X107-5 Control 28.544 7.505 3.803 | 0.00151 | **
1X10"-6 Control 31.347 7.505 4,177 | <0.001 | ***
1X10n-7 Control 32.101 7.505 4.278 | <0.001 | ***
1X10"-8 Control 21.731 7.505 2.896 | 0.02767 | *
1X107-9 Control 21.772 7.505 2.901 | 0.02714 | *
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Curve fitting
In order to analyse the dose-response relationship between cue concentration and activity in

each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit mono or

multiphasic curves. The fitted curves and associated parameters are detailed below.
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Figure S2. 4: Dose response fitted curves for response of Hediste diversicolor to GSH A) pH8.1, 18C,

goodness of fit < 0.0001. B) pH8.1, 22C, goodness of fit< 0.0001. C) pH7.3, 18C, goodness of fit <
0.0001. D) pH7.2, 22C, goodness of fit = 0.0017.
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Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.53314, p-value < 2.2e-16)

Levene’s test for homogeneity of variance
Data tested for homogeneity of variance using a Levene’s test in R and found to have

heteroscedastic variance (DF=8, F-value 2.8773, p = 0.0037).

204



Robust factorial repeated measures ANOVA

Table S2. 19: Results of robust factorial repeated measures ANOVA using WRS2 package in R

value | dfl df2 p.value

temp 2.9209 1| 168.724 | 0.0893

ph 1.7043 1|168.2996 | 0.1935

temp:ph | 5.3545 1168.2996 | 0.0219
Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response
at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison
test was run. The full results are shown below. Signif. codes: 0 “***> (0.001 “*** 0.01 “** 0.05

0171

Table S2. 20: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C

Estimate | Std. Error t value Pr(>It|)
1x10"-2 Control -6.017 1.733 -3.472 0.00457 | **
1x10"-3 Control -6.137 1.733 -3.541 0.0037 | **
1x10"-4 Control -5.583 1.733 -3.221 0.01044 | *
1x107-5 Control -5.502 1.733 -3.174 0.01207 | *
1x10"-6 Control -4.871 1.733 -2.81 0.03525 | *
1X107-7 Control -6.931 1.733 -3.999 | <0.001 fololal
1X10"-8 Control -3.364 1.733 -1.941 0.26464
1X107-9 Control -3.603 1.733 -2.079 0.20221

Table S2. 21: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Estimate Std. Error t value Pr(>t|)
1x10"-2 Control | 2.5217 4.2242 0.597 0.993
1x10"-3 Control | -4.2424 4.2242 -1.004 0.883
1x10"-4 Control | -4.2799 4.2242 -1.013 0.879
1x107-5 Control | -2.5661 4.2242 -0.607 0.993
1x10"-6 Control | 8.2314 4.2242 1.949 0.261
1X107-7 Control | -0.2566 4.2242 -0.061 1

205



1X10"-8 Control | -0.7719 4.2242 -0.183 1
1X10"-9 Control | 7.795 4.2242 1.845 0.315
Table S2. 22: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C
Estimate Std. Error t value Pr(>|t|)
1x107-2 Control -1.771 3.669 -0.483 0.998
1x10"-3 Control -6.029 3.669 -1.643 0.44
1x107-4 Control -6.133 3.669 -1.671 0.421
1x10"-5 Control -5.306 3.669 -1.446 0.582
1x10"-6 Control -6.124 3.669 -1.669 0.423
1X107-7 Control -4.61 3.669 -1.256 | 0.723
1X10"-8 Control -3.806 3.669 -1.037 0.866
1X10"-9 Control 4.336 3.669 1.182 0.776
Table S2. 23: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 22C
Estimate Std. Error t value Pr(>lt|)
1x10"-2 Control | 5.12521 3.80124 1.348 0.655
1x10"-3 Control | 8.37671 3.80124 2.204 0.156
1x10"-4 Control | 0.93189 3.80124 0.245 1
1x107-5 Control | -0.20796 | 3.80124 -0.055 1
1x10"-6 Control | -2.87687 | 3.80124 -0.757 0.972
1X107-7 Control | 0.01628 3.80124 0.004 1
1X10"-8 Control | 1.47443 3.80124 0.388 1
1X107-9 Control | 3.83493 3.80124 1.009 0.881
Curve fitting

Where possible, in order to analyse the dose-response relationship between cue concentration
and activity in each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit

mono or multiphasic curves. The fitted curves and associated parameters are detailed below.
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Figure S2. 5: Dose response fitted curves for response of Hediste diversicolor to urea at pH7.2, 22C,
goodness of fit, 0.0001.

CHONDROITIN SULPHATE

Shapiro-Wilk test for normality

Data tested for normality using a Shapiro-Wilk test in R and found to be non-normal (W =
0.60296, p-value < 2.2e-16)

Levene’s test for homogeneity of variance

Data tested for homogeneity of variance using a Levene’s test in R and found to have
heteroscedastic variance (DF=8, F-value=2.7015, p = 0.006204).

Robust factorial repeated measures ANOVA

Table S2. 24: Results of robust factorial repeated measures ANOVA using WRS2 package in R

value dfl df2 p.value
temp 40.6797 126.5472 0
ph 3.9268 124.0392 | 0.0497
temp:ph | 0.2839 124.0392 | 0.5951
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Dunn’s test

In order to compare the control response of ragworms (Hediste diversicolor) to their response
at various concentrations of the chemical cue a non-parametric Dunn’s multiple comparison
test was run. The full results are shown below. Signif. codes: 0 “**** 0.001 “*** 0.01 “** 0.05

0171

Table S2. 25: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 18C

Estimate | Std. t Pr(>|t])
Error value
1x10"-2 | Control | 4.01 2.014 1.991 | 0.241
1x107-3 | Control | -2.44 2.014 -1.211 | 0.755
1x10"-4 | Control | -4.67 2.014 -2.318 | 0.121
1x10"-5 | Control | -4.401 2.014 -2.185 | 0.162
1x107-6 | Control | -3.986 2.014 -1.979 | 0.246
1x107-7 | Control | -4.364 2.014 -2.166 | 0.169
1x107-8 | Control | -3.58 2.014 -1.777 | 0.354
1x107-9 | Control | 3.114 2.014 1.546 | 0.508

Table S2. 26: Results of nonparametric multiple comparison Dunn’s test for pH8.1, 22C

Std. t
Estimate | Error value | Pr(>|t|)
1x107-2 | Control 5.465 6.058 | 0.902 | 0.92938
1x107-3 | Control 9.827 6.058 | 1.622 | 0.45424
1x10"-4 | Control 7.432 6.058 | 1.227 | 0.74429
1x107-5 | Control 3.373 6.058 | 0.557 | 0.99582
1x107-6 | Control | 20.356 6.058 | 3.36 | 0.00667 | **
1x10"-7 | Control | 21.688 6.058 | 3.58 | 0.00322 | **
1x10"-8 | Control | 24.454 6.058 | 4.037 | <0.001 | ***
1x107-9 | Control | 19.365 6.058 | 3.197 | 0.01143 | *
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Table S2. 27: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 18C

Estimate | Std.Error | t value Pr(>|t))
1x107-2 Control 7.5382 3.175 2.374 0.107
1x107-3 Control -1.3808 3.175 -0.435 0.999
1x10"-4 Control -4.4108 3.175 -1.389 0.624
1x107-5 Control -5.8454 3.175 -1.841 0.317
1x10"-6 Control -2.7634 3.175 -0.87 0.941
1x10M-7 Control -2.1459 3.175 -0.676 0.986
1x10"-8 Control -0.5234 3.175 -0.165 1
1x107-9 Control 1.8529 3.175 0.584 0.994

Table S2. 28: Results of nonparametric multiple comparison Dunn’s test for pH7.3, 22C

Std. t

Estimate | Error value | Pr(>|t|)
1x107-2 | Control | 17.087 5.468 | 3.125 | 0.0141 | *
1x107-3 | Control | 14.694 5.468 | 2.687 | 0.049 | *
1x107-4 | Control 9.649 5.468 | 1.765 | 0.3621
1x107-5 | Control 25.6 5.468 | 4.682 | <0.001 | ***
1x10"-6 | Control 3.911 5.468 | 0.715 | 0.9799
1x107-7 | Control | 10.713 5.468 | 1.959 | 0.2553
1x107-8 | Control 6.364 5.468 | 1.164 | 0.7877
1x107-9 | Control | 21.502 5.468 | 3.933 | <0.001 | ***
Curve fitting

Where possible, in order to analyse the dose-response relationship between cue concentration
and activity in each pH/ temperature condition Dr Fit (Di Veroli et al., 2015) was used to fit

mono or multiphasic curves. The fitted curves and associated parameters are detailed below.
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Figure S2. 6: Dose response fitted curves for response of Hediste diversicolor to chondroitin sulphate
A) pH8.1, 22C, goodness of fit < 0.0001. B) pH7.3, 18C, goodness of fit = 0.0059. C) pH7.3, 22C,
goodness of fit = 0.0029.
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Supplementary Materials — Chapter 3

Supplementary Material — In-burrow oxygen

Average water oxygen levels

Table S3. 1: Average oxygen level in the water above the analysed burrow. Computed using a region
of interest in the VisiSens AnalytiCal.

pH Temperature | Average water oxygen
(Celsius) (% air sat)

8.1 18 71.63 (SD =9.11)

81 |22 65.56 (SD = 7.71)

7.7 18 68.22 (SD =11.29)
7.7 22 73.95 (SD =9.52)

7.3 18 78.95 (SD=5.14)

7.3 22 78.56 (SD =3.26)

Monitoring data for pH, salinity and temperature of culture tanks

Table S3. 2: Monitoring of temperature, pH and salinity in worm culture tanks was done three times
per week when possible. The data is shown below and was used to calculate variation (standard
error) in these variables.

8.1 7.7 73
Date Temp pH Salinity pH Salinity pH Salinity
01/07/2020 17 8.14 21 7.66 22 7.28 21
03/07/2020 18 8.03 18 7.67 18 7.31 18
07/07/2020 18 8.16 18 7.66 18 7.26 18
08/07/2020 18 8.09 17 7.7 18 7.29 17
09/07/2020 18 8.1 19 7.72 20 7.32 20
11/07/2020 18 8.11 19 7.69 18 7.27 19
13/07/2020 18 8.01 20 7.67 18 7.35 18
14/07/2020 18 7.92 18 7.6 18 7.31 18
13/07/2020 18 8.03 18 7.62 18 7.28 19
14/07/2020 18 8.13 19 7.54 18 7.28 18
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16/07/2020 18 8.11 19 7.55 18 7.32 18
17/07/2020 18 8.04 20 7.71 18 7.24 19
22/07/2020 18 8.14 17 7.65 19 7.25 20
24/07/2020 18 8.01 18 7.62 17 7.35 17
25/07/2020 18 8.11 18 7.72 17 7.3 17
26/07/2020 18 8.02 18 7.7 17 7.3 18
27/07/2020 18 8.09 18 7.71 17 7.29 18
29/07/2020 18 8.10 18 7.73 17 7.29 18
31/07/2020 18 8.11 18 7.75 17 7.30 18
01/08/2020 18 8.00 18 7.64 18 7.22 18
02/08/2020 18 8.12 18 7.64 18 7.3 18
03/08/2020 18 8.06 18 7.69 18 7.23 18
04/08/2020 18 8.02 18 7.61 18 7.22 18
05/08/2020 18 8.04 18 7.67 18 7.3 18
07/08/2020 18 8.10 17 7.68 19 7.29 19
08/08/2020 18 8.13 18 7.73 19 7.23 19
09/08/2020 18 8.12 18 7.69 18 7.34 17
10/08/2020 18 8.08 18 7.75 18 7.34 17
11/08/2020 18 8.11 18 7.65 18 7.3 18
13/08/2020 18 8.10 18 7.63 18 7.26 18
14/08/2020 18 8.00 19 7.72 18 7.29 18
20/08/2020 18 8.12 18 7.64 18 7.31 18
21/08/2020 18 8.09 18 7.68 18 7.3 18
22/08/2020 18 8.10 18 7.68 18 7.34 18
24/08/2020 18 8.03 18 7.70 18 7.35 18
25/08/2020 18 8.01 18 7.61 18 7.31 18
26/08/2020 18 8.14 18 7.66 18 7.24 18
27/08/2020 18 8.10 18 7.69 18 7.29 18
28/08/2020 18 8.04 18 7.74 18 7.26 18
29/08/2020 18 8.01 18 7.61 18 7.28 18
30/08/2020 18 8.09 18 7.65 18 7.33 18
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31/08/2020 18 8.15 18 7.71 18 7.33 18
mean 8.076405 | 18.19841 | 7.670032 | 18.06984 | 7.291639 | 18.13307
SD 0.053287 | 0.753886 | 0.049256 | 0.840521 | 0.035814 | 0.816554
SE 0.008124 | 0.114934 | 0.007509 | 0.128142 0.00546 | 0.124488

Assessing normality of data for O, Ratio Groups
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Figure S3. 1: Histograms and QQ plots for assessment of normality on Oxygen Ratio for each of the
conditions tested.

Data for oxygen ratio were tested for normality using a Shapiro-Wilk test. Data were found to
significantly deviate from a normal distribution for all pH/ temperature groups (p<0.05, see
Supplementary Table 2).

Table S3. 3: : Results of Shapiro-Wilk’s test of normality for the oxygen ratio variable generated in R
(centre= median) for each pH/ temperature group. All groups are significantly non-normal.

pH Temperature w P value

8.1 18 0.7357029 3.775829¢e-09
8.1 22 0.8959771 8.270375e-06
1.7 18 0.9613549 1.627841e-03
7.7 22 0.9755389 5.946258e-02
7.3 18 0.9406025 1.414013e-05
7.3 22 0.9344617 2.257920e-02

Table S3. 4: Results of Shapiro-Wilk’s test of normality for the oxygen ratio variable generated in R
(centre= median) for all data. The data does not conforms to a normal distribution (p<0.05).

dat$02_Grad W =0.99401 p-value = 0.03231

A Levene’s test for homogeneity of variance indicated that variance was not homogenous for

the oxygen ratio variable (see Supplementary Table 3).
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Table S3. 5: Results of Levene’s test for homogeneity of variance (centre=median) for O2 ratio

variable.
Df F value Pr(>F)
5 5.5632 5.24e-05 ***

A robust independent factorial ANOVA test with trimmed means (0.2) was therefore used to

test for differences between independent treatments (different individuals were used in each

test condition) using the WRS2 package and t2way function (see Supplementary Table 4). The

ANOVA test result was followed by a multiple comparison post hoc test using the mcp2atm
function in R (Mair and Wilcox, 2020).

Table S3. 6: Results of robust independent factorial ANOVA test with trimmed means (0.2) using the
WRS2 package and t2way function for oxygen ratio variable.

value P.value
Temperature 2.1307 0.147
pH 52.5829 0.001
Temperature ~ pH 12.0291 0.004

The impact of temperature on O2 Ratio was not significant (p=0.147) but the impact of pH on

Oz ratio is significant (p=0.001). The interaction between pH and temperature was significant

(p=0.004) meaning the relationship between pH and oxygen ratio is dependent upon

temperature. Because of this interaction, a post-hoc test was run.

Python script for oxygen penetration depth

import cv2

import numpy as np
import 0s

import sys

import glob

from PIL import Image

from scipy import ndimage
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0s.sys.path

import matplotlib.pyplot as plt
from scipy import misc

from pathlib import Path

from os import listdir

from os.path import isfile, join
import pandas as pd

from os.path import abspath

HEHHHHHHBH RS E T PATHSH#HHHHH R

image_path = 'E:/BOX BACKUP/ OxygenFoils/Individual burrows for penetration
analysis/pH7.3_18C*.jpg'
FILE_FORMAT =".jpg"

#Batch processing many images:

imgs= glob.glob('E:/BOX BACKUP/OxygenFoils/Individual burrows for penetration
analysis/pH7.3_18C/*.jpg")

print('"Found files:', )

print(imgs)

IR R R R R R B LURS R e i i i

#Save images in new folder

folder_blur = 'E:/BOX BACKUP/ OxygenFoils/Individual burrows for penetration
analysis/blurred'

if not os.path.exists(folder_blur):

os.makedirs(folder_blur)
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#GaussianBlur
i=0

for img in imgs:

blur = cv2.imread(img, cv2.IMREAD_UNCHANGED) # import

dst = cv2.GaussianBlur(blur,(7,7),0) # blur (Gaussian)

cv2.imwrite('/BOX BACKUP/BestRevengels/OxygenFoils/Individual burrows for
penetration analysis/blurred/image%04i.jpg’' %i, dst)

i+=1

#iHHHHHHHHHHCREATE MASK AND BINERISE IMAGESHHHHHHHHHHHHHHHH#

folder_mask ="E:/BOX BACKUP/ OxygenFoils/Individual burrows for penetration
analysis/Mask’
if not os.path.exists(folder_mask):

os.makedirs(folder_mask)

#- Initial Setting --

#folder = 'E:/BOX BACKUP/ OxygenFoils/Individual burrows for penetration
analysis/blurred/'

#Set new file path for blurred imgs

BLURRED_PATH = glob.glob('E:/BOX BACKUP/ OxygenFoils/Individual burrows for
penetration analysis/blurred/*.jpg' )

FILE_FORMAT =".jpg"

print('"Found files, blurred_path:',)

print(BLURRED_PATH)

# color threshold

red_low = np.array([60 , 2, 70] )
red_high = np.array([190, 65, 195])
blue_low = np.array([20 , 10, 59])
blue_high = np.array([136 ,40 , 135])
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------- BGR codes for use with CV2

def batchprocessor(Img):

iI=0

for img in BLURRED_PATH:

blur = cv2.imread(img, cv2.IMREAD_UNCHANGED)

img=np.array(Image.open(img))

#blur_denoise = cv2.fastNIMeansDenoisingColored(img, None, 3, 7, 11)

#Set colour limits for red and blue detection
red_mask = cv2.inRange(blur, red_low, red_high)

blue_mask = cv2.inRange(blur, blue_low, blue_high)

#Fill in the burrow

red_closing = red_mask

blue_closing = blue_mask

kernel = np.ones((5,5),np.uint8) #erosion to minimise noise

red_closing = cv2.morphologyEx(red_closing,cv2.MORPH_OPEN,kernel)
blue_closing = cv2.morphologyEx(blue_closing,cv2.MORPH_OPEN,kernel)

mask = cv2.bitwise_or(red_mask, blue_mask)

sel = cv2.getStructuringElement(cv2.MORPH_RECT, (5,5))

se2 = cv2.getStructuringElement(cv2.MORPH_RECT, (2,2))
mask_close = cv2.morphologyEx(mask, cv2.MORPH_CLOSE, sel)
mask_open = cv2.morphologyEx(mask_close, cv2.MORPH_OPEN, se2)

#mask_processed = np.dstack([mask, mask, mask]) / 255
#out = img * mask
#kernel2 = cv2.getStructuringElement(cv2.MORPH_RECT, (2,2))

#erosion = cv2.erode(mask, kernel2, iterations=1)
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#kernel3 = cv2.getStructuringElement(cv2.MORPH_RECT, (3,3))

#dilate = cv2.dilate(erosion, kernel3, iterations=1)

target = cv2.bitwise_and(blur, blur, mask = mask_open)
#target_denoise = cv2.fastNIMeansDenoisingColored(target, None, 3, 7, 11)
edges = cv2.Canny(target,100,200)

cv2.imshow("mask", mask)
cv2.imshow("processed"”, mask_open)
cv2.imshow("edge", edges)
cv2.waitKey(0)
cv2.destroyAllWindows()

cv2.imwrite('E:/BOX BACKUP/BestRevengels/OxygenFoils/Individual burrows for
penetration analysis/Mask/mask%04i.jpg" %i, mask_open)

i+=1

#ev2.imwrite('Mask/mask'+ str(uuid.uuid4()) + FILE_FORMAT, mask)
#ev2.imwrite(IMAGE_PATHIO:-
len(FILE_FORMAT)]+"_mask"+FILE_FORMAT,mask)

print(batchprocessor(BLURRED PATH))

HiHHHHIHH A SCAN FOR WHITE PIXEL
THICKNESSHH#HBHEHHHHHHAHIHHHHHHHH R

#- Initial Setting --

image_path=('"E:/BOX BACKUP/BestRevengels/OxygenFoils/Individual burrows for
penetration analysis/Mask/")

def average _depth_in_total(image_path):
img = np.array(Image.open(image_path).convert('L"))
im_bool = img > 1 # Binarise
boundary_list =[] # list for the location of boundaries
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width_list =[] # list for the width of the barrow at each point
for i in range(len(im_bool)):

row_temp = im_bool[i]

flag = False # current state of pixel

for j,val in enumerate(row_temp):

if val '=flag: # detect boundary (whether current state of pixel is the same as the

next pixel's state or not)
flag = val # change the state

if val == False: # if the boundary is the one from inside of a burrow to the

outside of a burrow
width = j-boundary_list[-1][1]+1 # calc the width
width_list.append(width)
boundary_list.append([i,j])
average = np.average(np.array(width_list))
return average
for img in listdir(image_path):

print( average_depth_in_total(image_path + img))
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Example output images from Python script

[

Original

Gaussian smoothing Mask for BGR colour range

Figure $3. 2: Output images from various stages of the Python image analysis script used to compute
oxygen penetration depth into the sediment.
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Images used

Table S3. 7: Table showing one of three representative images used for each burrow repeat in 02

penetration depth calculation along with the corresponding ‘Mask’ image after processing for set

RGB colour thresholds in Python. The Mask images were then used to quantify O, penetration

depth by counting the number of white pixels in each row and averaging.

Filename

Original

Mask

pH8.1_18C_10_10_19 1 crop.jpg

pH8.1_18C_10_10_19 2 crop.jpg

pH8.1_18C_10_10_19 3 crop.jpg

pH8.1 18C 10 10_19 burrow2_1 crop.jpg

pH8.1 18C 10 10_19 burrow2_ 2 crop.jpg

pH8.1 18C 10 10 19 burrow2_3.jpg

pH8.1_18C_13_08_19 1 crop.jpg

=N § =

pH8.1_18C_13_08_19 2 crop.jpg

pH8.1_18C_13_08_19 3_crop.jpg

pH8.1_18C 14 08 19 1 crop.jpg

»

pH8.1 _18C 14 08 19 2 crop.jpg

pH8.1_18C_14 08 19 3 crop.jpg
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pH8.1_18C_19 11 20_1 crop.jpg

pH8.1_18C_19 11 20_2_crop.jpg

pH8.1_18C_19 11 20_3_crop.jpg

pH8.1_18C_29 08_19_1 crop.jpg

pH8.1_18C_29 08_19 2 crop.jpg

pH8.1_18C_29 08_19 3 crop.jpg

pH8.1 _18C 30 08 20_1 crop.jpg

pH8.1 18C 30 _08 20 _2 crop.jpg

pH8.1 _18C 30 _08 20 _3 crop.jpg

pH8.1_22C_12_10_20_1_crop.jpg

pH8.1_22C_12_10_20_2_crop.jpg

pH8.1_22C 12 10_20_3_crop.jpg

pH8.1_22C 14 11 20_1 crop.jpg

pH8.1_22C 14 11 20_2_ crop.jpg

pH8.1_22C 14 11 20_3_crop.jpg

pH8.1_22C_15 11 20_1_crop.jpg

pH8.1_22C_15_11 20_2_crop.jpg

pH8.1_22C_15_11 20_3_crop.jpg
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pH8.1_22C_24 10_20_1_crop.jpg

pH8.1_22C_24 10_20_2_crop.jpg

pH8.1_22C_24 10_20_3_crop.jpg

pH8.1_22C_26_10_20_1 crop.jpg

pH8.1_22C_26_10_20_2_crop.jpg

pH8.1_22C_26_10_20_3_crop.jpg

pH8.1_22C_31 08_19_1 crop.jpg

pH8.1_22C_31 08_19_2 crop.jpg

pH8.1 22C 31 08 19 3 crop.jpg

pH8.1_22C_31_08_19 burrow2_1_crop.jpg

pH8.1_22C_31_08_19 burrow2_2_crop.jpg

pH8.1 22C 31 08 19 burrow2_ 3 crop.jpg

pH8.1 22C 12 _10_20_1_crop.jpg
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pH7.7_18C_05_03_20_1 crop.jpg

pH7.7_18C_05_03_20_2_crop.jpg

pH7.7_18C_05_03_20_3_crop.jpg

pH7.7_18C _08 08 20_1 crop.jpg

pH7.7_18C _08 08 20 _2 crop.jpg

pH7.7_18C _08 08 20 _3 crop.jpg

pH7.7_18C_12 _03_20_1_crop.jpg

pH7.7_18C_12_03_20_2_crop.jpg

pH7.7_18C_12_03_20_3_crop.jpg

pH7.7_18C_18 03_20_1 crop.jpg

pH7.7_18C_18 03_20_2_ crop.jpg

pH7.7_18C_18 03_20_3_crop.jpg

pH7.7_18C_18 03_20 burrow2_1 crop.jpg

H7.7_18C_18 _03_20_burrow2_2_crop.jpg

= ===

pH7.7_18C_18 03_20_burrow2_3.jpg
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pH7.7_18C_18 03_20 burrow3_1.jpg

pH7.7_18C_18 03_20 burrow3_2.jpg

pH7.7_18C_18 03_20 burrow3_3.jpg

pH7.7_18C_19 _03_20_1_crop.jpg

pH7.7_18C_19 03_20_2 crop.jpg

pH7.7_18C_19 03_20_3 crop.jpg

pH7.7_18C_19 03_20_burrow2_1_crop.jpg

pH7.7_18C_19 03_20_burrow2_2.jpg

pH7.7_18C_19 03_20_burrow2_3.jpg

pH7.7_18C_26_03_20_1.jpg

pH7.7_18C_26_03_20_2.jpg

pH7.7_18C_26_03_20_3.jpg

pH7.7_22C_01_11_19 1 crop.jpg

pH7.7_22C_01_11_19 2 _crop.jpg

pH7.7_22C_01_11_19 3_crop.jpg
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pH7.7_22C_01_11_19 burrow2_2_crop.jpg

pH7.7_22C_01_11_19_ burrow2_3_crop.jpg

pH7.7_22C_01_11_19 burrow2__1 crop.jpg

pH7.7_22C_13 11 19 1_crop.jpg

pH7.7_22C_13 11 19 2 crop.jpg

pH7.7_22C_13_11 19 3 _crop.jpg

pH7.7_22C_14_10_19 1.jpg

pH7.7_22C_14_10_19 2 _crop.jpg

pH7.7_22C_14 10_19 3 crop.jpg

pH7.7_22C_18 11 19 1 crop.jpg

pH7.7_22C_18 11 19 2 crop.jpg

pH7.7_22C_18_11_19_3_crop.jpg

pH7.7_22C_20_12_19 1 crop.jpg

pH7.7_22C_20_12_19 2 crop.jpg

pH7.7_22C_20_12_19 3 crop.jpg

pH7.7 _22C 20 _12 19 burrow2_1 crop.jpg
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pH7.7_22C _20_12 19 burrow2_2 crop.jpg

pH7.7_22C_20_12_ 19 burrow2_3 crop.jpg

pH7.7_22C_26_11_19_1 crop.jpg

pH7.7_22C_26_11_19 2 crop.jpg

pH7.7_22C_26_11_19_3_crop.jpg

pH7.3_18C_05_02_21 2 crop.jpg

pH7.3_18C 05 02_21 3 crop.jpg

pH7.3_18C _05 02 _21 crop.jpg

pH7.3_18C_19 08 19 2 crop.jpg

pH7.3_18C_19 08 19 3 crop.jpg

pH7.3_18C_19 08 19 crop.jpg

pH7.3_18C_27_08_19 1 crop.jpg

pH7.3_18C_27_08_19 2 crop.jpg

pH7.3_18C_27_08_19 3 crop.jpg

pH7.3_18C 27 08 19 burrow2_ 2 crop.jpg

pH7.3 18C 27 08 19 burrow2_3 crop.jpg

pH7.3_18C 27 08 19 burrow2_ crop.jpg

pH7.3_18C_28 08 19 1 crop.jpg

pH7.3_18C 28 08 19 2 crop.jpg

pH7.3_18C_28 08 19 3 crop.jpg

pH7.3 _18C 28 08 19 burrow2_1 crop.jpg

pH7.3_18C 28 08 19 burrow2 2 crop.jpg

pH7.3_18C 28 08 19 burrow2 3 crop.jpg
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pH7.3_22C_12 02_21_1 crop.jpg
pH7.3_22C_12 02_21_2_ crop.jpg
pH7.3_22C_12 02_21_3 crop.jpg

1
pH7.3_22C_16_02_21 1 crop.jpg l'

pH7.3_22C_16_02_21 2 _crop.jpg
pH7.3_22C_16_02_21 3 _crop.jpg

pH7.3 22C 16 02 21 burrow2_1 crop.jpg
pH7.3 22C 16 02 21 burrow2_2 crop.jpg
pH7.3 22C 16 02 21 burrow2_3 crop.jpg

1B

pH7.3_22C_17_08_20_1 crop.jpg
pH7.3_22C_17_08_20_2_crop.jpg
pH7.3_22C_17_08_20_3_crop.jpg

pH7.3_22C _20_08_20_1 crop.jpg
pH7.3_22C_20_08_20_2_crop.jpg
pH7.3_22C 20 _08_20_3_crop.jpg

M

Oz penetration depth data ID pH temp pen_depth

pH7.3_22C 25 08 19 burrow2_1 crop.jpg
pH7.3 22C 25 08 19 burrow2_2 crop.jpg
H7.3 22C 25 08 19 burrow2_ 3 crop.jpg

Table S3. 8: O2 penetration depth (in mm) 2 3 81 18 0.6153724
used in analysis

ID pH temp pen_depth

34 81 18 0.5639371
12 81 18 0.6419432
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10

11

12

13

14

15

ID pH

11

12

13

14

15

16

17

19

8.1

8.1

8.1

8.1

8.1

8.1

8.1

8.1

8.1

8.1

8.1

1.7

temp pen_depth

18

18

18

18

22

22

22

22

22

22

22

18

0.4269875

0.5590882

0.4533599

0.7024296

0.7049352

0.6855600

0.5615688

0.6554302

0.6950692

0.6438990

0.5993976

0.4309839
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16

17

18

19

20

21

22

23

24

25

26

27

20

21

22

23

24

25

26

28

29

30

32

33

pH

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

7.7

temp pen_depth

18

18

18

18

18

18

18

18

22

22

22

22

0.5286791

0.4918721

0.5236727

0.5286096

0.5210222

0.6090721

0.4423287

0.4893749

0.7737281

0.4892923

0.6246210

0.4581061



28

29

30

31

32

33

34

25

36

37

38

39

34

35

36

38

39

40

41

42

43

44

45

46

pH

7.7

7.7

7.7

1.7

7.3

7.3

7.3
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Assessing normality of data — O penetration depth

Histograms and QQ plots for O2 penetration depth, all groups. If all points fall within

the boundary line suggesting normally distributed residuals in the data.
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Figure S3. 3: Histograms and QQ plots for assessment of normality on Oxygen penetration

depth

Shapiro-Wilks test for Normality

Table S3. 9: Results of Shapiro-Wilk’s test of normality generated in R (centre= median) for
each pH/ temperature group for O2 penetration depth. The pH7.2/ 18C regime was

significantly non-normal.

pH  temp
1 8.1 18
2 8.1 22
3 7.7 18
4 7.7 22
5 7.3 18
6 7.3 22

o O O O O O

w

.9516510
.9205006
.9239312
.8994004
.7496744
.9739226

234

P.
.74470149
.47329135
.42577748
.28538635
.01977461
.91767138

O O O O © O

value



Shapiro-Wilk’s test for Normality of data (O2 penetration depth) by pH and
temperature groups. One of the groups are non-normally distributed (pH7.3, 18C,
highlighted).

Levene’s test

Levene’s test for homogeneity of variance (O2 penetration depth). The result is non-

significant (p>0.05) indicating that variance is homogenous.

Df F value Pr(>F)
group 5 1.9247 0.1136
37

Data appears normally distributed in the QQ plot Levene’s test indicates homogeneity
of variance. However, the Shapiro-Wilk test indicates that the data for one of the
groups (pH7.7, 18C) are non-normal, therefore a robust two-way factorial ANOVA
with trimmed means (0.2) will be used as this statistic is resistant to the effects of
non-normal distributions and outliers. Using the t2way function from the WRS2
package to compute the ANOVA (Mayes et al., 2009).
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