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The biological and ecological impacts of hypoxia on coastal benthic 

communities  

Ruth N Calder -Potts  

ABSTRACT  

Traditionally, hypoxia has been defined as the situation where DO levels have fallen below 

2.0 mg O2 L
-1, but increasing evidence suggests that this low level of DO is inadequate to 

describe the onset of hypoxia impacts for many organisms. Consequently, there is a need 

�I�R�U���D���J�U�H�D�W�H�U���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���K�R�Z���µ�P�R�G�H�U�D�W�H�¶���D�O�W�H�U�D�W�Lons in DO levels will affect ecosystem 

processes and functionality, specifically through behavioural and physiological alterations at 

the organism and community level. This thesis reports on mesocosm experiments which 

were conducted to examine the effects of moderate (> 3.0 mg O2 L
-1) hypoxia on firstly, a 

key ecosystem engineer, the brittlestar Amphiura filiformis, and secondly, on the Station L4 

infaunal macrobenthic community. Station L4 is a longstanding marine biodiversity and 

MSFD reference site and forms part of the Western Channel Observatory. At the organism 

level, short-term (14 d) exposure to moderate hypoxia significantly reduced oxygen uptake 

rates, oocyte diameter and oocyte development in A. filiformis. However, these 

physiological affects occurred irrespective of brittlestar population density. Additionally, 

moderate hypoxia reduced brittlestar activity, in terms of bioturbation behaviour, 

consequentially having an effect on ammonium and silicate fluxes. These observations 

were only detected when brittlestar population density was high. It was concluded that 

denser populations of A. filiformis may therefore exhibit the greatest changes in behaviour 

and shifts in ecosystem function as competition for resources and oxygen heightens. The 

benthic community at Station L4, displayed considerable tolerance to medium-term (6 wk.) 

exposure to moderate hypoxia, in terms of structure, diversity and bioturbatory behaviour, 

but these results may be different if exposure was longer or more severe. Alterations in 

nutrient fluxes were detected, but there was little evidence to suggest these changes were 

due to macrofaunal behavioural alterations. Additionally, results from this study revealed 
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that bringing complex natural communities into the mesocosm caused a substantial loss of 

individuals and species, mainly due to translocation and disturbance effects. This important 

insight into the effects of bringing community assemblages into the mesocosm confirms that 

even with a loss of diversity, the L4 community maintained functionality and was resilient to 

alterations in DO. This suggests that the L4 benthic community does not depend on any 

one specific species for the provision of important ecosystem processes, resulting in 

considerable functional resilience within the L4 system. However, vulnerability to benthic 

systems may increase if functionality is dominated by species such as A. filiformis. 

Consequently, moderate hypoxia may not immediately affect benthic communities in terms 

of structure and diversity, but the physiological effects on individuals, especially to 

reproductive development, may cause alterations in the quality and quantity of planktonic 

propagules supplied by benthic species to the pelagic environment. This could affect 

benthic community diversity and functionality in the long term if repeated hypoxic events 

occur.  
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1.1. INTRODUCTION 

Oxygen is a fundamental requirement to all aerobic organisms for survival and 

normal physiological function. Thus, it is considered by some, as the most 

important environmental variable that supports life on Earth (Diaz 2001). Within 

the oceans, dissolved oxygen (DO) concentrations vary considerably. Seawater 

is oxygenated by the influx of oxygen gas across the air-sea surface 

(ventilation) and also through the process of photosynthesis. Physical mixing 

and biological processes draw oxygenated water down through the water 

column to create a hospitable oxygenated environment for pelagic and benthic 

organisms. However, regions with extreme oxygen deficit are not uncommon 

and have occurred throughout geological time (Chen et al. 2007, Zhang et al. 

2010). These �K�\�S�R�[�L�F�� �R�U�� �D�Q�R�[�L�F�� �D�U�H�D�V�� �D�U�H�� �R�I�W�H�Q�� �W�H�U�P�H�G�� �µ�R�[�\�J�H�Q�� �P�L�Q�L�P�X�P��

�]�R�Q�H�V�¶���R�U���µ�G�H�D�G���]�R�Q�H�V�¶���D�Q�G���D�U�H���I�R�U�P�D�O�O�\���F�O�D�V�V�L�I�L�H�G���D�V���V�X�F�K�����Z�K�H�Q���'�2���O�H�Y�H�O�V���D�U�H��

between 0.0 mg O2 L-1 (anoxia) and 2.0 mg O2 L-1 (hypoxia) (Diaz 2001, 

Rabalais et al. 2002) . Naturally occurring hypoxia has long been found in the 

bottom waters of silled basins and fjords, areas with restricted water circulation 

or in regions where upwelling of oxygen-depleted sub-surface water occurs 

(Middelburg & Levin 2009). In addition to these bathymetric and physical 

influences, DO concentrations are also governed by several biological and 

biogeochemical processes, (Zhang et al. 2010) making DO within the marine 

realm a topic of considerable interest (Diaz & Rosenberg 2011).  

 

1.2. HYPOXIA IN RECENT DECADES 

Hypoxia in the coastal oceans has spread exponentially since the 1960s (Diaz 

& Rosenberg 2008). Over 400 systems, affecting more than 245,000 km2 are 

reported to be affected by hypoxia with the majority situated in coastal zones 
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(Fig. 1.1) (Diaz & Rosenberg 2008, Rabalais et al. 2010). Whilst there have 

always been naturally occurring marine hypoxic habitats, the recent global 

increase in the frequency and severity of coastal hypoxia is causing alarm, most 

notably because it can be attributed to specific anthropogenic activities (Diaz & 

Rosenberg 2008, Rabalais et al. 2010, Zhang et al. 2010). Marine hypoxia is 

now recognised as a global threat to ecosystem health due to its capacity to 

alter key ecological, biological and physiological functions (Nilsson 2000, 

Nilsson & Rosenberg 2000, Cheung et al. 2008, Weissberger et al. 2009).  

 

�,�Q�������������D�Q���D�U�W�L�F�O�H���W�L�W�O�H�G�����³�(�X�W�U�R�S�K�L�F�D�W�L�R�Q���± �W�K�H���)�X�W�X�U�H���0�D�U�L�Q�H���&�R�D�V�W�D�O���1�X�L�V�D�Q�F�H�"�´��

(Rosenberg 1985) was one of the first to suggest that atmospheric deposition 

and nutrient enriched riverine outflows were causing the onset of eutrophication 

in the Baltic and Kattegat Seas which, as a result, were severely affected by low 

DO levels. Rosenberg (1985) stated that there was enough evidence to suggest 

that the continued use of fertilizers and the venting of nitrogen oxides from fossil 

fuels will, in the near future, cause widespread eutrophication that will become a 

common hazard in marine coastal areas across the world (Rosenberg 1985). 

Unfortunately, this remarkably accurate prediction is now reflected in global 

�G�D�W�D�� �V�H�W�V�� �F�R�P�S�L�O�H�G�� �R�Y�H�U�� �W�K�H�� ������ �\�H�D�U�V�� �V�L�Q�F�H�� �5�R�V�H�Q�E�H�U�J�¶�V�� �L�Q�L�W�L�D�O�� �U�H�S�R�U�W�� �Z�D�V��

published (Diaz et al. 2011).  

 

It is now recognised that human activities such as the application of fertilizer, 

land clearing, discharge of human waste, animal production and fossil fuel 

combustion, supplement surface and ground waters with the nutrient elements 

nitrogen (N) and phosphorous (P) (Nixon 1995, Cloern 2001, Gray et al. 2002). 

This increase in flux of N and P into the hydrological system, which eventually 
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�I�O�R�Z�V�� �L�Q�W�R�� �F�R�D�V�W�D�O�� �Z�D�W�H�U�V���� �D�F�W�V�� �D�V�� �D�� �µ�P�D�U�L�Q�H�� �I�H�U�W�L�O�L�]�H�U�¶���� �V�W�L�P�X�O�D�W�L�Q�J�� �S�O�D�Q�W�� �J�U�R�Z�W�K��

and disrupting the balance between production and metabolism of organic 

matter in the coastal zone (Cloern 2001). As a result, there is a clear causal link 

between anthropogenic sources of nutrients and the presence of eutrophic 

indicators in coastal waters (McQuatters-Gollop et al. 2009). Moreover, with an 

ever increasing global population, the demand for food and resources is 

expected to heighten. This will increase the need for intensive anthropogenic 

practices to meet the demands of a growing 21st century population and 

inevitably, nutrient enrichment and eutrophication in coastal areas is predicted 

to worsen. 
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Figure 1.1. Global development of coastal hypoxia over recent decades, �” = 

documented hypoxic event,    = upwelling areas, modified from Rabalais et al. 

(2010). 
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1.3. FROM EUTROPHICATION TO HYPOXIA 

The excessive supply of nutrients to a coastal system triggers an increased 

growth of algae and plants, i.e. primary production (Dugdale & Goering 1967, 

Rosenberg 1985, Gray et al. 2002). During the preliminary stages of intensified 

primary production, DO levels within the water column may increase due to the 

upturn in production of photosynthetic organisms. However, as the yield from 

this primary production accumulates, it exceeds the amount consumed by 

grazers, and begins to sediment out and decomposes. At this point, the DO 

levels can rapidly decrease as the biological oxygen demand (BOD) within the 

water column and at the benthos increases due to microbial decomposition 

(Bishop et al. 2006, Zhang et al. 2010). Benthic organisms are particularly 

vulnerable to a surge in BOD and the consequential decrease in DO, because 

the large majority of the excess organic matter produced settles out and can 

smother the benthos. 

 

Bottom water oxygen depletion is often exacerbated or prolonged when the 

water column in question is stratified or when renewal of oxygenated water is 

limited (Diaz & Rosenberg 2008, Levin et al. 2009). Stratification can result from 

strong thermal or saline gradients, particularly where freshwater run off is 

excessive, or where strong seasonal cycles in rainfall and temperature occur 

(Levin et al. 2009). In addition, tidal cycles and local currents may limit the 

amount of oxygenated seawater that is reintroduced within a given space and 

time. These common physical characteristics of coastal areas, together with the 

aforementioned anthropogenic pressures, make coastal regions prime 
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candidates for the onset of eutrophication and a concomitant decrease in DO, 

particularly at the benthos. 

 

Although the causal link between nutrient enrichment and eutrophication is 

widely accepted, the cause-effect relationships are far more complex because 

coastal ecosystems respond to nutrient loading in many different ways 

(McQuatters-Gollop et al. 2009). For example, some of the most productive 

fisheries in the world are associated with nutrient inputs either from land or 

upwelling (Diaz & Rosenberg 2011), hence there is a delicate balance and a 

strong economic interest into the monitoring and management of nutrient 

loadings in coastal areas. Despite this interest, hypoxia is now prominent on a 

global scale. Over the last three decades, reports indicate an annual increase of 

5.5 % in the number of coastal sites suffering from hypoxia (Vaquer-Sunyer & 

Duarte 2008) and there is sufficient evidence to propose that this worldwide 

increase in extent and frequency of hypoxia is linked to anthropogenic activities 

(Cloern 2001, Gray et al. 2002, Rabalais et al. 2002, Diaz & Rosenberg 2008, 

Howarth et al. 2011). Consequently, the most serious threat resulting from 

excess nutrients and the subsequent onset of the eutrophication process in 

coastal zones is the unseen decrease in DO levels in bottom waters (Diaz & 

Rosenberg 2008). 

 

1.3.1. The importance of coastal zones  

Coastal ecosystems are among the most productive and diverse areas on Earth 

(Mann 1988, Struyf et al. 2004, Meadows et al. 2012). They are 

characteristically complex, both ecologically and physically. They encompass a 

broad range of habitat types and harbour a unique wealth of biodiversity, 
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providing resources and services that are vital for human health and survival 

(Burke et al. 2001).  

 

It is estimated that these marine habitats, from the intertidal zone out to the 

continental shelf break, provide over US$ 14 trillion worth of ecosystem goods 

(e.g. food and raw materials) and services (e.g. disturbance regulation and 

nutrient cycling) per year (Costanza et al. 1997, Harley et al. 2006) making 

them regions of considerable economic and ecological interest.  As a result, 

healthy and productive coastal ecosystems signify a unique life support system 

for marine life and humans alike, where any degradation in environmental 

status is recognised to hold far reaching effects (IPCC 2007). However, over 

recent decades, human actions have profoundly changed the extent, condition 

and capacity of most major ecosystem types across the world (Barbier et al. 

2008). Subsequently, the impacts of anthropogenic activities on coastal 

ecosystems, both direct (e.g. nutrient enrichment, pollution, fishing) and indirect 

(e.g. increasing temperatures and climate change) is a pressing issue that 

requires considerable attention (Harley et al. 2006).  

 

1.4. THE ROLE OF BENTHIC COMMUNITIES 

Given the importance of coastal ecosystems and the vulnerability of benthic 

habitats to hypoxia, the effects of decreasing DO on benthic organisms and 

communities is of major concern, particularly because benthic communities 

contribute to a number of vital processes that can influence the provision of 

ecosystem goods and services, in addition to maintaining ecosystem function. 
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Soft sediments dominate coasts and estuaries (Thrush et al. 2006) and harbour 

vast amounts of biological diversity, both within (infauna) and on (epifauna) the 

benthos. The species residing in these communities are particularly vulnerable 

to changes in environmental conditions due to their sessile nature. Previous 

work has concluded that meiofauna tend to be less affected by hypoxia than 

macrofauna and megafauna (Josefson & Widbom 1988, Diaz & Rosenberg 

1995), however, it is not surprising that some benthic species can exhibit a 

degree of tolerance to reduced oxygen concentrations, as the very nature of 

their life-mode requires them to burrow and reside within sediments that often 

become anoxic beneath the superficial layers. Meiofauna tend to have a lower 

oxygen demand, a greater surface area to volume ratio with some species able 

to undergo anaerobic metabolism. They are also exposed to the surrounding 

sediment pore-water, low in free oxygen which enables some meiofauna 

species to survive hypoxia / anoxia for extended periods of time (Wetzel et al. 

2001). However, not all meiobenthic communities respond uniformly to hypoxia. 

Data from the Gulf of Mexico shows that meiobenthic nematodes emigrate into 

the water column in high numbers where they survive hypoxic events until 

normoxia is re-established (Wetzel et al. 2001). Benthic macrofauna that reside 

in burrows or tubes facilitate the transport of more oxygenated water into their 

burrow systems, via bioirrigation processes. For certain species, the initial 

response to hypoxia involves behavioural adaptions such as raising respiratory 

structures above the sediment-water interface and increasing ventilation of 

burrow structures by peristaltic pumping or beating of appendages, to access 

faster moving water with more oxygen (Levin 2003). However, if hypoxia is 

severe or persistent, these survival mechanisms may not prevail. 
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It is estimated that benthic habitats can supply approximately 50 - 80 % of the 

nutrients required for primary production in coastal seas, with nitrogen 

availability being a critical factor (Herbert 1999, Dale & Prego 2002, Lohrer et al. 

2004). This process is tightly linked to the transport of materials mediated by 

fauna living in, or on, the seabed, via the biogenic mixing of the sediment, a 

process known as bioturbation (Canfield & Farquhar 2009, Shull 2009). 

Through the creation of pits, mounds and burrows, sediment ingestion and 

excretion, in addition to the bio-irrigation of sub-surface burrow structures, 

benthic infauna play an important role in mediating many chemical and physical 

reactions. Bioturbation can enhance nutrient fluxes across the sediment-water 

interface, leading to increased rates of primary production, alter pH and redox 

gradients, affect sediment geochemistry, and help structure sediment porosity 

and permeability through counteracting the effects of sediment compaction 

(Herbert 1999, Shull 2009). Furthermore, bioturbation activities extend the oxic 

sediment-water interface, increasing the surface area available for sediment-

water exchange processes and influencing the creation of chemically important 

micro-niches for a diverse array of microbes (Rosenberg 2001, Rosenberg & 

Ringdahl 2005).  

 

1.4.1. Influence of bioturbation on nutrient fluxes and microbial 

communities  

Microbial communities within sediments play a key role in the oxidation of 

organic compounds and the regeneration of nutrients, and are essential for 

sustaining primary production (Herbert 1999). Shallow coastal sediments are 

responsible for up to 90 % of sedimentary remineralisation of organic matter 

with the transformations principally mediated by bacteria (Gattuso et al. 1998). 
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However, as mentioned earlier, through the processes of bioturbation and 

bioirrigation, infaunal invertebrates have significant influence over many 

physical and chemical sedimentary processes in addition to affecting the 

structure and diversity of microbial communities (Laverock et al. 2010, Queir—s 

et al. 2013). 

 

Specialised groups of microorganisms play a key role in the specific 

transformations of nutrient elements that lead to their regeneration. Bacterial 

communities within sediment burrow structures can be significantly different to 

the bacterial community inhabiting surface sediments (Laverock et al. 2010). In 

addition, bacterial abundance and activity has been shown to be 10-fold higher 

in burrow walls compared to the surrounding sediment (Papaspyrou et al. 

2005). These microbial processes are often governed by oxygen and the 

subsequent redox potential of the sediment (Herbert 1999, Dale & Prego 2002). 

For example, the marine nitrogen cycle involves several steps of oxidation / 

reduction reactions that take place both within the oxic and anoxic sediment 

layers (Herbert 1999). Within the oxic layers ammonium is oxidised to nitrite and 

nitrate via nitrification, and within the anoxic environment reduction reactions 

take place such as denitrification and anammox. Products of these 

transformations can either be released into the overlying water or adsorbed and 

buried into the sediment layers (Herbert 1999). Generally, in oxic environments, 

nutrient cycling is considered to be more efficient due to populations of 

enzymatically mediated microbes undertaking aerobic respiration (Dale & Prego 

2002). During low levels of DO, remineralisation processes can be reduced 

(Kemp et al. 1990) especially if anaerobic digestion becomes the dominant 

pathway (Bianchi et al. 2000) and alternative e- acceptors, if present, have to be 
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used. Consequently, benthic areas that host abundant infaunal communities, 

with a larger number of burrow or sediment structures and high bioturbation 

potential, are likely to have a greater role in the recycling and remineralisation of 

nutrients, affecting fundamental processes that contribute to the overall 

functioning of the ecosystem (Naeem et al. 1994, Cardinale et al. 2000).  

 

1.5.  RESPONSES TO HYPOXIA 

1.5.1. Individual level responses  

The responses of marine organisms to hypoxia at the individual level have been 

studied in greater detail than community level responses, with the wealth of our 

knowledge about physiological adaptations to hypoxia originating from studies 

conducted on intertidal organisms, which are regularly subjected to hypoxia 

during isolation from the water column at low tides (Diaz & Rosenberg 1995). 

Organism response to hypoxia is species-specific and dependent on the 

duration and severity of the hypoxic event. A report in 2008 conveyed that the 

majority of investigations referred to a value of 2.0 mg O2 L
-1 or lower to define 

hypoxia, but organisms tend to exhibit several sub-lethal physiological and 

behavioural modifications to hypoxia before reaching this value (Gray et al. 

2002, Vaquer-Sunyer & Duarte 2008). For example, previous research has 

documented that growth rates could be affected at oxygen concentrations 

between 6.0 and 4.5 mg O2 L
-1 (Chabot & Dutil 1999, Gray et al. 2002), whilst 

other aspects of metabolism can be affected between 4.0 and 2.0 mg O2 L-1 

���1�L�O�V�V�R�Q�� �	�� �6�N	:�O�G�� ������������ �1�L�O�V�V�R�Q�� ������������ �5�R�V�D�V�� �H�W�� �D�O���� ������������ �&�D�O�G�H�U-Potts et al. 

2015), with mortality not occurring until oxygen concentrations are below 2.0 mg 

O2 L
-1 (Wang & Widdows 1991, Baker & Mann 1992, Vistisen & Vismann 1997). 

Behavioural alterations also occur when oxygen concentrations are reduced, 
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and act as an important link between individual responses and population 

change (Boyd et al. 2002). For example, behavioural responses such as 

shallower burrow depths and elongated siphons may alter predator-prey 

relationships (Sturdivant et al. 2012), whilst altered locomotion may affect food 

finding behaviour (Boyd et al. 2002). Subsequently, behavioural changes at the 

individual level can hold direct and indirect consequences to individual fitness, 

with cascading responses across several levels of biological organisation, 

including effects to community composition and ecosystem function (Fig. 1.2) 

(Solan et al. 2004a, Zhang et al. 2010, Riedel et al. 2014).  
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Figure 1.2. Potential effects of hypoxia at different organisational levels. 

 

1.5.2. Community level responses  

The effects of hypoxia at the individual level can be nested within and complexly 

related to the effects occurring at the community level, (Fig. 1.2) that may 

impact organism abundance, community structure, functional diversity, energy 

flows, food web dynamics and intra-specific competition. These modifications 

within benthic communities have the potential to disturb the day-to-day 
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processes that modulate ecosystem function (Breitburg et al. 2009). VillnŠs et 

al. (2012) found that in natural communities exposed to hypoxia, the 

disturbance mediated change in community composition was an important 

explanatory variable for changes in sediment oxygen and nutrient fluxes, with 

variability in ecosystem function also being directly related to the duration of 

hypoxia as well as the benthic community. The number of species within a 

community and their identities are an important factor in assessing the 

consequences of disturbance for ecosystem functioning (VillnŠs et al. 2012), 

however, other factors, such as functional diversity and the non-random order of 

species loss, also has a significant role on ecosystem functioning (Solan et al. 

2004a, VillnŠs et al. 2012). Species extinction within a community is generally 

considered a non-random process (Srivastava 2002) with risk determined by 

life-history traits such as rarity, body-size, consumer pressure and sensitivity to 

disturbance (Solan et al. 2004a). Consequently, some species may eventually 

become locally extinct with the onset of hypoxia, while others may be 

opportunistic and thrive (Vaquer-Sunyer & Duarte 2008). This extreme variance 

in tolerance to decreasing DO, partially explained by life-history traits, holds 

interesting consequences for population dynamics and community structure, 

both during and after a hypoxic event (Lim et al. 2006).  

 

Consequently, the community level responses observed during hypoxia are 

difficult to predict as they depend on many different compounding aspects that 

are often specific to a particular habitat or site, and related directly to the 

population exposed. For example, reproductive state, the amount of food 

availability or population density of a particular species may influence the 

survivorship of that species during hypoxia, offering it considerable advantages 
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(or disadvantages) over competing species. For example, Llans— (1991) found 

that the timing of hypoxia relative to recruitment was critical to survivorship, and 

documented a decline in summer recruitment peaks for two species of 

polychaete with the onset of a hypoxic event.  

 

Studies conducted in Cheasapeake Bay, U.S.A., show that higher DO levels 

result in a greater community biomass, until a DO threshold of approximately 

4.5 mg L-1 (Seitz et al. 2009). Community biomass is a parameter that can often 

be positively correlated to primary production, but in Cheasapeake Bay this is 

not always the case (Kemp et al. 2005), giving reason to suggest that the 

benthos has been severely degraded by regular hypoxic events and there has 

been long-term conditioning of the community, which is dominated by 

opportunistic or tolerant species.  

 

Several other factors also influence survivorship during hypoxia, such as the 

cause, length and severity of the event and the possibility of interacting effects 

of other environmental variables that organisms are exposed to, e.g. 

contaminated sediment or pollution. In the York River, U.S.A., periodic hypoxia 

has been found to be less severe than hypoxic events in similar habitat areas, 

due to the level of hypoxia, its short duration and relatively small area covered 

(Diaz & Rosenberg 1995). Consequently, the magnitude of response to a 

hypoxic period is species-specific, but also site-specific, making predictions 

about the ecological and environmental penalties problematic.  
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1.6. BIODIVERSITY AND ECOSYSTEM FUNCTION 

Since the launch of the Convention on Biological Diversity (CBD) at the 1992 

UN Earth Summit, the relationship between biodiversity (the variety of life at 

multiple levels) and ecosystem function has emerged as a central issue within 

ecological and environmental sciences, especially since the recognition that 

species have many important functional roles within ecosystems (Bengtsson 

1998, Loreau 2000). It is now generally accepted that the variety of species 

within ecosystems collectively determine, in part, the occurrence and rates of 

key biogeochemical cycles that help to regulate global scale systems that 

support life on Earth (Loreau 2000). Understanding the role that biodiversity has 

in establishing, driving or maintaining ecological processes will help to identify 

the mechanisms that underpin ecosystem function and consequently enrich our 

knowledge about what secures the provision of goods and services. 

 

It has been identified in terrestrial research that species richness may enhance 

ecosystem productivity and the more connections that are present within a food 

web, the greater the stability of the community (Naeem et al. 1994). However, 

this work fails to distinguish that species have varying levels of functions and 

roles within habitats and ecosystems. Recognition of species functional diversity 

has been an important milestone that has enhanced our understanding about 

the mechanisms behind biodiversity and ecosystem functioning, but has also 

created lively debates about the conservation of biodiversity. For example, is 

species diversity loss acceptable if the presence of certain key functional 

groups can support the continuation of vital ecosystem processes? Many argue 

that even when species diversity is not critical for maintaining ecosystem 
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processes, it may nevertheless, be essential to provide greater resistance to  

changing environmental conditions (Loreau et al. 2001). 

 

Global biodiversity has recently been declining at a rate faster than that 

calculated from historic fossil records (Millennium Ecosystem Assessment, 

2005), and this rapid reduction is thought to be a direct consequence of 

anthropogenic activities, such as harvesting, habitat destruction and pollution, 

but also due to human-induced global climate change (Bulling et al. 2010). This 

alarming loss in biodiversity has motivated scientific enquiry into how 

ecosystem processes will be affected by species loss (Caliman et al. 2007).  

 

1.6.1. Functional diversity and ecosystem performance  

As discussed in section 1.4., the biogenic mixing of benthic sediment exhibits 

significant influence over many sedimentary chemical and physical reactions. 

Benthic infauna mix and move sediment and particulate materials during 

foraging, feeding and burrow maintenance behaviour, but depending on life-

history traits, such as feeding modes, sediment reworking modes, body size 

and mobility, species exhibit different functional traits associated with sediment 

mixing. These functional traits can be combined with biomass and abundance 

data to create a metric known a�V���µ�%�L�R�W�X�U�E�D�W�L�R�Q���3�R�W�H�Q�W�L�D�O�����%�3���¶�����I�L�U�V�W���G�H�V�F�U�L�E�H�G���E�\��

Solan et al (2004a). Although not a direct measure of bioturbation, BP for a 

specific community (BPc) can provide an estimate of the potential of a 

community to bioturbate. Therefore, due to the complex biogeochemical 

interactions between benthic infauna, sediment mixing and processes such as 

nutrient fluxes, ecosystem performance may depend more on the presence of 

key functional types, rather than species richness itself (Lohrer et al. 2004, 
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Thrush et al. 2006). For example, Amphiura filiformis is an active and well-

studied bioturbator that is a dominant species in many coastal and shelf areas 

of the NE Atlantic (Solan & Kennedy 2002, Solan et al. 2004a, Queir—s et al. 

2006)���� �,�Q�� �D�� �µ�U�D�Q�G�R�P�� �H�[�W�L�Q�F�W�L�R�Q�¶�� �H�Y�H�Q�W�� �V�L�P�X�O�D�W�L�R�Q�� �V�W�X�G�\�� �I�R�F�X�V�H�G�� �R�Q�� �W�K�H�� �1�R�U�W�K��

Sea, the biogenic mixing depth (BMD), an indicator of bioturbation, was 

dependent on whether A. filiformis was among the survivors (Solan et al. 

2004a). Additionally, communities exposed to fishing pressure in the Irish Sea 

demonstrated reduced community biomass and production following the loss of 

the dominant A. filiformis (Queir—s et al. 2006). Therefore, although species 

richness within a community is important, contributions to ecosystem function 

are not equal among community members.  

 

Bellwood et al. (2003) described how one species of parrot fish (Bolbometopon 

muricatum) was responsible for almost all of the bio-erosion occurring on 

oceanic tropical reefs. In its absence, reefs displayed marked changes in 

calcification rates, coral growth rates, colony shapes, colony fitness and coral 

distributions, in addition to changes in erosional activity and an enhanced 

potential for echinoid invasions (Bellwood et al. 2003). This one specific species 

had a domineering functional effect, with its potential loss causing major shifts 

in ecosystem dynamics. 

 

The reduction or loss of just one key species within a community can cause 

important ecosystem processes to become vulnerable. Therefore, the need to 

consider both species richness and functional diversity is a necessary 

requirement to ensure functional elements in marine ecosystems are protected 

and conserved (Bellwood et al. 2003), in addition to enhancing our knowledge 
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about the biodiversity-ecosystem-function relationship. In order to fully 

comprehend the ramifications of increasing coastal hypoxic events on 

biodiversity and ecosystem function, information that details how hypoxia 

affects key functional species, population dynamics, community assemblages, 

and ecosystem processes is a high priority. In doing so, knowledge can be 

gained about the biological and ecological mechanisms that cause changes at 

the physiological and behavioural level, that may underpin community and 

ecosystem level responses.  

 

1.7. FUTURE PREDICTIONS FOR MARINE HYPOXIA  

Although management strategies exist to monitor and reduce nutrient loadings 

into coastal areas, it is predicted that marine hypoxia is set to worsen, both 

within coastal regions and in the open oceans (Diaz & Rosenberg 2011).  

 

Within the open oceans, studies show that DO appears to be declining in both 

the central North Pacific Ocean and the tropical oceans worldwide (Whitney et 

al. 2007, Keeling et al. 2010, Falkowski et al. 2011). Evidence suggests that the 

oxygen decline regimes currently being observed in the open oceans could be 

representative of natural cyclical processes or a non-periodic trend related to 

climate change and global warming due to the reduced solubility of oxygen at 

higher temperatures (Matear et al. 2000, Diaz & Rosenberg 2008, Falkowski et 

al. 2011, Gnanadesikan et al. 2011). It is probable that both of these situations 

are occurring, but the proportion attributed to climate change is difficult to 

quantify and is coupled with other key factors such as decreased ventilation, 

increased stratification at high latitudes and changes in biological respiration 

rates (Falkowski et al. 2011). As a result, ocean models have predicted a 
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decline of 1 - 7 % in global ocean oxygen concentrations over the next century 

(Keeling et al. 2010). This potential increase in oxygen minimum zones is 

worrying as it may have a profound effect on oceanographic processes in 

addition to the biology and ecology of marine organisms and ecosystems 

(Falkowski et al. 2011). 

 

1.7.1. Multiple stressors  

In addition to reductions in DO, marine ecosystems are being exposed to other 

�³�V�W�U�H�V�V�R�U�V�´�� �W�K�D�W�� �F�D�Q�� �E�H�� �D�O�W�H�U�H�G�� �E�\�� �K�X�P�D�Q�� �D�F�W�L�Y�L�W�L�H�V�� ���%�U�H�L�W�E�X�U�J�� �H�W�� �D�O���� ��������������

Variations in temperature, acidity, DO and disease can all occur simultaneously, 

affecting all levels of biological organisation between physiological and 

ecological scales in unpredictable directions (Breitburg et al. 2015). 

Understanding the effects of multiple stressors is particularly important, but also 

difficult, as large knowledge gaps still exist when comprehending the effects of 

single stressors. Ocean warming and climate change is likely to increase 

stratification within the upper ocean due to alterations in seawater density 

between temperature gradients. Increased ocean stratification holds 

implications for ocean productivity, nutrient and carbon cycling and marine 

habitats (Keeling et al. 2010), as nutrient rich, colder, denser water remains 

separated from warmer near-surface waters. Furthermore, deoxygenation is 

closely linked to ocean acidification through several mechanisms. The factors 

most directly responsible for acidification are increasing atmospheric carbon 

dioxide levels and high rates of respiration fuelled by excess inputs of nutrients 

to coastal waters (Breitburg et al. 2015). Climate change factors such as 

alterations in temperature, ocean acidification, sea-level rise, precipitation, and 

storm frequency may exacerbate the effects of nutrient loadings, run-off, water 
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column stratification and primary productivity, which will likely contribute to an 

observable increase in hypoxic areas (Altieri & Gedan 2015).  

 

Furthermore, human activities such as the burning of fossil fuels and concrete 

production will undoubtedly continue. This lasting contribution to greenhouse 

gas emissions will add to global scale alterations related to climate change and 

global warming, resulting in warmer seawater temperatures, stronger 

stratifications and increased inflow of freshwater and nutrients into coastal 

areas as weather patterns are altered (Rabalais et al. 2009). It is also feasible 

to suggest that as the human population increases, the anthropogenic 

pressures placed on coastal systems in the future may be severely magnified 

and more complex than present (Rabalais et al. 2009). 

 

Consequently, the number and intensity of stressors acting on our coastal and 

oceanic waters is increasing. Some evidence is available that suggests the 

effects of climate are sufficiently strong enough to further increase the severity 

of hypoxia, even if rates of eutrophication are stabilised or reduced (Villate et al. 

2013, Carstensen et al. 2014, Altieri & Gedan 2015). Therefore, a fundamental 

goal of global change biology is to diagnose the cause of ecological changes 

and predict what species or populations are under threat (Gunderson et al. 

2016). With an increase in predictive understanding of the responses to 

anthropogenically induced changes, informed decisions can be made on how to 

manage marine habitats and protect the functional performance of ecosystems. 
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1.7.2. Rationale for investigating �µ�P�R�G�H�U�D�W�H�¶���K�\�S�R�[�L�D�� 

Within Sect 1.1, hypoxia was introduced and referred to as a reduction in DO to 

a level of 2.0 mg O2 L
-1. Defining hypoxia by a set DO concentration can compel 

�U�H�V�H�D�U�F�K�H�U�V�� �W�R�� �F�R�Q�V�W�U�D�L�Q�� �W�K�H�L�U�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V�� �W�R�� �Z�L�W�K�L�Q�� �W�K�L�V�� �µ�J�H�Q�H�U�D�O�O�\���D�F�F�H�S�W�H�G�¶��

limit, with most reports (55 %) referring to and using the value of 2.0 mg O2 L
-1 

(Vaquer-Sunyer & Duarte 2008). This threshold is related to a generalised lethal 

level of low DO leading to the collapse of fisheries (Diaz 2001, Rabalais et al. 

2002). However, ample experimental evidence exists to challenge the notion 

that this level of reduced DO is inadequate to describe the onset of hypoxia 

impacts for many organisms (Vaquer-Sunyer & Duarte 2008, Seibel & Childress 

2013). Additionally, the onset of coastal hypoxia is a process, and, therefore, a 

range of reduced DO may occur over a period of time, causing alterations in 

organism behaviour and functionality, prior to migration or mortality. 

Additionally, there is growing evidence that indicates hypoxic effects on 

organisms can occur at much higher DO levels, indicating the need for new 

�G�H�I�L�Q�L�W�L�R�Q�V���R�I���µ�K�\�S�R�[�L�D�¶���D�Q�G���Q�H�Z���F�U�L�W�H�U�L�D���I�R�U���H�V�W�D�E�O�L�V�K�L�Q�J���22 tolerance thresholds 

based on measures of physiological or ecosystem performance (Seibel & 

Childress 2013). �6�H�L�E�H�O�� �������������� �V�X�J�J�H�V�W�H�G�� �W�K�D�W�� �P�D�Q�\�� �µ�K�\�S�R�[�L�D�¶�� �V�W�X�G�L�H�V�� �D�U�H�� �Q�R�W��

biologically relevant, and recommends abandoning all terms except hypoxia, 

meaning relativity low oxygen, and anoxia, the complete absence of oxygen 

(Seibel 2011). Under future global change scenarios, nutrient inputs and 

eutrophication may not be the primary determinant governing coastal hypoxia. 

Therefore the severity, intensity and duration of hypoxic events are likely to be 

�X�Q�S�U�H�G�L�F�W�D�E�O�H���� �D�Q�G�� �F�R�X�O�G�� �U�D�Q�J�H�� �I�U�R�P�� �P�L�O�G�� �G�H�Y�L�D�W�L�R�Q�V�� �I�U�R�P�� �µ�Q�R�U�P�R�[�L�D�¶�� �I�R�U�� �V�K�R�U�W��

periods of time to moderate or severe reductions in DO. Consequently, from this 

point forward, for clarity and consistency throughout this thesis, the term 
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�µ�K�\�S�R�[�L�D�¶�� �Z�L�O�O�� �U�H�I�H�U�� �W�R�� �Dny DO level �O�R�Z�H�U�� �W�K�D�Q�� �µ�Q�R�U�P�R�[�L�D�¶. The experiments 

conducted within this thesis were set at a hypoxic level above the traditional 2.0 

mg O2 L-1 threshold and are sometimes referred to as �µ�K�\�S�R�[�L�F�¶�����µ�P�R�G�H�U�D�W�Hly 

hypoxic�¶���R�U���µ�U�H�G�X�F�H�G���'�2�¶�����:�K�H�Q���G�L�V�F�X�V�V�L�Q�J���S�U�H�Y�L�R�X�V���Z�R�U�N���D�Q�G��other examples, 

actual DO levels will be stated whenever possible.    

 

As mentioned in Sect. 1.5, the organism response to alterations in DO is 

species specific and is initially represented through changes in organism 

behaviour and physiology, with mortality being the end-point (Grieshaber et al. 

���������������5�H�G�X�F�W�L�R�Q�V���L�Q���'�2���I�D�U���D�E�R�Y�H���W�K�H���µ�F�O�D�V�V�L�F�¶���W�K�U�H�V�K�R�O�G���R�I����.0 mg O2 L
-1 have 

been shown to affect organism growth, reproduction, locomotion and feeding 

(summarised in Gray et al. 2002), causing complex direct and indirect 

responses across several levels of biological organisation, from individual 

fitness to community composition (Fig. 1.2) (Riedel et al. 2014). These complex 

alterations and intimately nested responses, may affect important processes 

that contribute to ecosystem functioning, yet the impact of reduced DO (i.e. at a 

level above 2.0 mg O2 L
-1) on nearshore marine and estuarine communities is 

not well understood (Froehlich et al. 2015). Furthermore, even less is known 

�D�E�R�X�W���W�K�H���K�R�Z���µ�P�R�G�H�U�D�W�H�¶���U�H�G�X�F�W�L�R�Q�V���L�Q���'�2���Z�L�O�O���D�I�I�H�F�W���H�F�R�V�\�V�W�H�P���S�U�R�F�H�V�V�H�V���D�Q�G��

ecosystem functioning through behavioural and physiological alterations at the 

organism and community level.  

 

Therefore, monitoring and managing hypoxic events and reductions in DO, in 

terms of species loss or mortality is not sufficient, and there is a need for 

greater understanding of when ecosystems approach critical points in relation to 

�µ�P�R�G�H�U�D�W�H�O�\�¶�� �U�H�G�X�F�H�G�� �'�2�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �D�Q�G�� �W�K�H�� �I�X�Q�F�W�L�R�Q�L�Q�J�� �R�I�� �L�P�S�R�U�W�D�Q�W��
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processes. This calls for identifying perturbations at an earlier stage, with 

recognition given to alterations in organism behaviour and physiology, and how 

this may impact ecosystem processes. Consequently, the investigations 

�X�Q�G�H�U�W�D�N�H�Q���K�H�U�H���K�D�Y�H���X�W�L�O�L�V�H�G���D���F�R�P�S�D�U�D�W�L�Y�H�O�\���µ�P�R�G�H�U�D�W�H�¶���O�H�Y�H�O���R�I���K�\�S�R�[�L�D�����!����������

mg O2 L
-1) above that of the classic definition of 2.0 mg O2 L

-1.  

 

1.8. THESIS AIMS AND OBJE CTIVES 

The aims of this thesis are to (a) understand the effects of population-level 

�S�U�R�F�H�V�V�H�V�� ���H���J���� �R�U�J�D�Q�L�V�P�� �G�H�Q�V�L�W�\���� �R�Q�� �L�Q�G�L�Y�L�G�X�D�O�V�¶�� �E�L�R�O�R�J�L�F�D�O�� �D�Q�G�� �H�F�R�O�R�J�L�F�D�O��

responses to moderate hypoxia, and (b) determine the sensitivity of a typical 

U.K. coastal benthic community to moderate hypoxia and measure the potential 

ecological effects.  

 

This thesis specifically addresses these aims by pursuing the following activities 

and objectives:  

 

Firstly, a controlled mesocosm exposure experiment was conducted in which 

individuals of the key bioturbating species Amphiura filiformis were held at 

different densities and exposed to either normoxic or hypoxic conditions. From 

this experiment the impacts of hypoxia on the physiological performance of A. 

filiformis were investigated, whilst also examining if population density resulted 

in positive species interactions that enhanced survivorship (Chapter 2) . 

 

Individuals from the above exposure experiment where then also used to 

investigate how hypoxia affected the bioturbatory behaviour of Amphiura 

filiformis and, subsequently, its ability to maintain nutrient fluxes as a proxy for 
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ecosystem function. Again these data were analysed to examine if denser 

populations displayed greater behavioural resilience to hypoxic stress 

supporting the provision of ecosystem function (Chapter 3) . 

 

Given that organisms do not naturally reside in a monospecific environment and 

that, despite the importance of certain key species, the overall provision of 

ecosystem function can be considered an output of the entire community, a 

second mesocosm experiment was then conducted to examine and document 

the sensitivity and community response (in terms of structure and diversity) of a 

typical benthic infaunal community to hypoxic stress (Chapter 4) . 

 

Furthermore, key behavioural (bioturbation) and functional (nutrient fluxes) data 

were recorded from this community mesocosm experiment. These data are 

interpreted in light of the results presented in Chapter 4 to improve our 

understanding of the overall ecological responses to hypoxia, and 

consequences for ecosystem function, of a coastal infaunal benthic community 

(Chapter 5) .  

 

Finally, this thesis considers if there are common themes between the 

individual-level biological and ecological responses to hypoxia and the 

community-�O�H�Y�H�O�� �E�L�R�O�R�J�L�F�D�O�� �D�Q�G�� �H�F�R�O�R�J�L�F�D�O�� �U�H�V�S�R�Q�V�H�V���� �D�Q�G�� �D�V�V�H�V�V�¶�� �L�I�� �W�K�H��

responses measured can be used to predict ecosystem level alterations to 

potential hypoxic events (Chapter 6) .  
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CHAPTER 2:  PHYSIOLOGICAL AND HI STOLOGICAL 

RESPONSES OF BRITTLESTARS TO HYPOXIA 

 

A mesocosm study investigating the effects of hypoxia and population 

density on respiration and reproductive biology in the brittlestar, Amphiura 

filiformis 

 

 

 

 

 

 

 

 

 

 

 

 

Aspects of this chapter have been published as:  

Calder-Potts R, Spicer JI, Calosi P, Findlay HS, Widdicombe S (2015). 

A mesocosm study investigating the effects of hypoxia and population 

density on respiration and reproductive biology in the brittlestar, Amphiura 

filiformis. Marine Ecology Progress Series, 534, 135-147. 
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2.1. INTRODUCTION 

Coastal hypoxia has been documented in over 400 systems worldwide, 

affecting in excess of 245,000 km2 �R�I�� �W�K�H�� �:�R�U�O�G�¶�V�� �R�F�H�D�Q�V��(Diaz & Rosenberg 

2008), and seems to be a growing problem (Zhang et al. 2010, Zhang et al. 

2013). As global warming and eutrophication continue to exacerbate hypoxia, 

there is an increasing view that reduction in dissolved oxygen (DO) is a key 

environmental stressor within marine ecosystems and that this stress has the 

potential to define benthic community composition and modify biogeochemical 

cycles (Rosenberg et al. 2001, Wu & Or 2005, Meire et al. 2012, Zhang et al. 

2013). Depending on the severity and duration of a hypoxic event, impacts on 

organisms and communities can vary from short-term behavioural changes, 

medium-term transitory or lasting physiological alterations, to long-term species 

absences through interruptions to reproductive success, species migrations or 

local extinctions (Rosenberg et al. 2001). Consequently, there is growing 

concern over the long-term impacts of regular or seasonal hypoxia on the 

sustainability and biodiversity of coastal ecosystems (Diaz & Rosenberg 1995, 

Wu 2002, Thomas et al. 2007, Zhang et al. 2010, Bijma et al. 2013).  

 

Most impact studies of hypoxia in the coastal zone have focused on 

commercially important species, e.g. larval development in mussels (Wang & 

Widdows 1991), survival and avoidance behaviour of penaeid shrimp (Wu et al. 

2002), settlement and growth in oysters (Baker & Mann 1992, David et al. 

2005), and food consumption and growth in fish such as bass, cod and flounder 

(Chabot & Dutil 1999, Kimura et al. 2004, Brandt et al. 2009, Herbert et al. 

2011). A number of studies have examined the effects of hypoxia on benthic 

community structure and recovery, (Diaz & Rosenberg 1995, Lim et al. 2006, 
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Van Colen et al. 2010, Fleddum et al. 2011) but much less information exists on 

how hypoxia and changes in DO affect reproductive biology, a trait imperative 

for species survival, community recovery and biodiversity security. Life cycle 

events of species are greatly dependant on factors such as DO and 

temperature, and include reproductive output, recruitment and post-recruitment 

development, and larval transport and settlement, all of which play an important 

role in benthic community structure, diversity and functioning (Birchenough et 

al. 2015). Moreover, the majority of hypoxic events and alterations in DO occur 

during the summer months, often after spring blooms (Diaz & Rosenberg 2008) 

which is a key reproductive period for many benthic invertebrate species. The 

paucity of data on the effects of reduced DO and hypoxia on reproductive 

biology in marine benthic species makes it difficult to predict the ecological 

consequences of field population resilience, their ability to recover, and 

ultimately if these impacts have implications for ecosystem health and function 

in the long-term (Wu 2002).  

 

The few studies conducted on the effects of hypoxia on reproductive or 

embryonic development suggest that hypoxia can cause uncoupling of growth 

and morphogenic processes in mussel larvae (Wang & Widdows 1991), 

reduced settlement and inhibited growth in oyster larvae and juveniles (Baker & 

Mann 1992), delayed embryonic development in gastropods (Chan et al. 2008) 

and delayed spawning in the brittlestar, Amphiura filiformis (O.F. MŸller, 1776) 

(Nil�V�V�R�Q�� �	�� �6�N	:�O�G�� ����������. The ability of organisms to maintain their metabolic 

rates and thus energy assimilation for important life-history traits, such as 

reproductive output, is vital when exposed to environmental stress such as 
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hypoxia, and potentially holds �F�R�Q�V�H�T�X�H�Q�F�H�V���I�R�U���D�Q���R�U�J�D�Q�L�V�P�¶�V���G�L�V�W�U�L�E�X�W�L�R�Q���D�Q�G��

abundance (Wu 2002, Spicer 2014).  

 

The burrowing brittlestar, Amphiura filiformis is abundant in European waters 

(O'Reilly et al. 2006) and often aggregates to form population densities ranging 

from 280 indiv. m-2 (Skšld et al. 1994) to 2,250 indiv. m-2 (Rosenberg et al. 

1997). Geographic, bathymetric and environmental parameters help explain 

these vast differences in population density, especially when discrete 

aggregations coincide with fine sediment characteristics as described by 

�2�¶�&�R�Q�Q�R�U�� �H�W�� �D�O���� ���������������� �+�R�Z�H�Y�H�U���� �L�W�� �L�V�� �Q�R�W�� �N�Q�R�Z�Q�� �L�I�� �G�H�Q�V�H�� �D�J�J�U�H�J�D�W�L�R�Q�V�� �R�I��A. 

filiformis results in any positive species interactions (i.e. the ecological concept 

of facilitation), such that survivorship can be positively related to population 

density (Bruno et al. 2003). 

 

Amphiura filiformis is primarily a suspension feeder that mostly remains buried 

below the sediment surface and protrudes one or more arms into the water 

column. This species actively undulates its arms and pumps its disc for 

respiratory gas exchange, burrow ventilation, collection of food and the 

transportation of sediment and waste (Vopel et al. 2003). This species is 

particularly well studied due to its importance as an ecosystem engineer (Solan 

& Kennedy 2002), with its capacity to modify the local environment and improve 

oxygenation within the sediment (Vopel et al. 2003).  

 

Consequently, we hypothesised that Amphiura filiformis may benefit from being 

within dense aggregations, especially when exposed to moderate hypoxia, due 

to its ability to increase the oxygenation and movement of the surrounding 
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sediment and water, possibly resulting in lower metabolic costs of living, (i.e. 

reduced arm undulations and pumping of the disc) allowing for energy 

investment into other important traits such as reproductive output. Investigating 

if there are any potential links between population density, aerobic metabolism 

and reproductive investment of A. filiformis may help define which populations 

are most at risk when moderate hypoxia occurs. 

 

To answer these questions, a 14-day mesocosm experiment was conducted to 

quantify the impacts of moderate hypoxia on the aerobic metabolism and 

reproductive biology of the brittlestar, Amphiura filiformis across a range of 

organism densities.  Rates of oxygn uptake within normoxic and moderate 

hypoxic conditions were measured as a proxy for aerobic metabolism. In 

addition, the oxygen uptake of organisms exposed to moderate hypoxia was re-

assessed when brittlestars were returned to normoxic conditions. This may 

provide insight into whether moderate hypoxia can cause longer lasting 

disruptions to physiological activity or if A. filiformis can exhibit metabolic 

plasticity when environmental parameters change. Reproductive development 

was assessed by measuring the mean feret diameter in developed (late-

vitellogenic) oocytes and by quantifying the variation in the number of the three 

main oocyte developmental stages. 

 

2.2. MATERIALS AND METHOD S 

2.2.1. Sediment collection  

On 25th May 2012 sediment was collected at a water depth of approx. 10 m from 

�D�Q�� �D�U�H�D�� �R�I�� �µ�Y�H�U�\�� �I�L�Q�H�� �V�D�Q�G�¶�� �Z�L�W�K�� �D�Q�� �R�Y�H�U�O�D�\�L�Q�J�� �V�X�U�I�D�F�H�� �O�D�\�H�U�� �R�I�� �µ�F�O�D�\ / �V�L�O�W�¶�� �L�Q��

Cawsand Bay, Plymouth, U.K. ���1�������ƒ�������������¶�����:�����ƒ���������������� using a 0.1 m2 box 
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core. Once retrieved the surface layers of sediment (10 - 15 cm) were placed 

into bags and transported to the Plymouth Marine Laboratory (PML, Plymouth, 

U.K.) mesocosm facility where these were sieved (2 mm) in filtered seawater 

(10 µm diam. Hydrex filters).  The sieved sediment was placed into a holding 

tank and allowed to settle for 48 h in order to capture the fine fraction. Post-

settlement, excess water was carefully drained off and the sediment 

homogenised by mixing. Fifty experimental glass aquaria (20 cm wide x 5 cm 

deep x 30 cm high) were filled with sediment up to a depth of 19 cm (± 1 cm) 

producing 11 cm of overlying water.  

 

Each aquarium was connected to a flow-through seawater system that 

delivered aerated, twice filtered (10 µm and 1 µm diam. Hydrex filters) seawater 

from a 450 L header tank (DO = 8.19 ± 0.49 mg O2 L
-1, S = 34.50 ± 0.17, T = 

15.20 ± 0.66 ¡C, pH = 8.08 ± 0.05, mean ± 95% C.I.) (Table 2.1) via a peristaltic 

pump (323E, Watson Marlow, Falmouth, U.K.) set at a rate of 20 ± 0.5 mL min-

1. Water inlet pipes were connected to each aquarium 1.5 ± 0.5 cm above the 

sediment surface. The average water volume held within each aquarium was 

1,100 cm3, resulting in an approximate water renewal rate every 55 min. 

Aquaria were kept under these conditions for a further 21 d, to allow the 

sediment to settle and for biogeochemical processes and gradients to re-

establish. Aquaria that showed any visual signs of bioturbation during this time 

were removed from the experimental set up.  
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Table 2.1. Summary of seawater treatment conditions throughout the 

experiment. Values are means ± 95 % confidence intervals, and the range of 

values is given in brackets (min �± max). Dissolved oxygen (DO) measurements 

are corrected for atmospheric pressure and temperature. 

 
Normoxic  

header 
Normoxic  
aquaria 

Hypoxic 
header 

Hypoxic  
aquaria 

DO 
(mg O2 L

-1) 

8.19 ± 0.49 8.09 ± 0.06 3.13 ± 0.21 3.59 ± 0.04 

(6.90 �± 9.42) (6.92 �± 9.00) (2.59 �± 3.87) (2.95 �± 4.57) 

DO 
(%) 

98.98 ± 5.92 97.77 ± 0.68 37.82 ± 2.54 43.34 ± 0.45 

(83.47 �± 113.93) (83.71 �± 108.81) (31.38 �± 46.79) (35.62 �± 55.34) 

Temperature 
(¡C) 

15.20 ± 0.66 12.30 ± 0.10 14.78 ± 0.89 12.41 ± 0.10 

(12.50 �± 16.50) (10.90 �± 14.50) (12.50 �± 16.90) (10.50 �± 14.40) 

Salinity 
(ppt) 

34.50 ± 0.17 34.32 ± 0.07 34.46 ± 0.16 34.25 ± 0.04 

(34.23 �± 35.90) (33.80 �± 36.60) (34.23 �± 35.90) (33.59 �± 35.41) 

pH 
(NBS) 

8.08 ± 0.05 8.13 ± 0.02 8.08 ± 0.08 8.16 ± 0.01 

(8.00 �± 8.21) (8.07 �± 8.32) (7.83 �± 8.22) (8.07 �± 8.32) 

 

2.2.2. Brittlestar collection  

Individuals of Amphiura filiformis were collected from the same site as the 

sediment (12th -14th June 2012). Specimens were handpicked to avoid damage 

(such as arm loss) and carefully washed with fresh seawater. Only individuals 

with a disc diameter > 4 mm, based on the size at which adults reach sexual 

maturity (O'Connor et al. 1983), plus five intact arms were placed into 

containers (vol. = 250 mL, three indiv. per container) containing freshly 

collected seawater and transported to PML within 3 h of collection. As large 

numbers of individuals were required, collection was conducted over three 

consecutive days. After each collection day individuals were placed in a large 

(vol. = 50 L) aerated seawater storage tank (DO = 8.07 ± 0.05 mg O2 L
-1, S = 
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34.20 ± 0.42, T = 12.39 ± 0.15 ¡C, pH = 8.08 ± 0.03, (mean ± 95 % CI) that 

contained sieved (2 mm) sediment approx. 7 cm deep. After the final collection 

day, individuals were maintained unfed in the storage tank for a further four 

days. Following this, brittlestars were carefully extracted from the sediment and 

only specimens that appeared undamaged with five intact arms were used in 

the experiment.  

 

Before haphazard assignment to the experimental aquaria, individuals were 

carefully blotted dry and weighed using a precision balance (Sartorius, R200-D, 

Gšttingen, Germany) (± 0.01 mg). The wet mass of the brittlestars were used to 

calculate an appropriate feeding dose per aquaria based on the total biomass 

within each aquaria. Aquaria were dosed with a marine microalgae shellfish diet 

(1800 Instant Algae¨  Marine Microalgae Concentrated Shellfish Diet, Reed 

Mariculture, CA, U.S.A.), a mixture of Isochrysis sp., Pavlova sp., Thalossiosira 

weissflogii and Tetraselmis sp. (cell count 2 billion mL-1, 8 % dry-mass). Dose 

per aquaria was calculated as 1.5 % of the total ash-free dry mass (AFDM) of 

brittlestars per aquaria, which was estimated using a wet mass (WM) to AFDM 

conversion factor from Ricciardi & Bourget (1998) (Ophiuroidea: AFDM/WM = 

7.4 %).  Once brittlestars had been added to the experimental aquaria a five 

day settling period under normoxic conditions commenced. Feeding began 

during this phase and was repeated daily for the duration of the experiment. 

�7�K�H���F�R�U�U�H�F�W���D�P�R�X�Q�W���R�I���µ�,�Q�V�W�D�Q�W���$�O�J�D�H���P�L�[�¶���I�R�U���H�D�F�K���D�Tuarium was prepared daily 

and delivered via syringe. Algae was released into the water column 

approximately 2 cm above the sediment surface and evenly dispersed over the 

entire sediment area. Water flow to each aquarium was ceased for 1 h after the 

addition of algae. Ingestion rates were not measured, however visual recordings 
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of active feeding behaviour were noted. At each time point aquaria were not fed 

�I�R�U�� ������ �K�� �S�U�L�R�U�� �W�R�� �V�D�P�S�O�L�Q�J���� �V�R�� �W�K�D�W�� �E�U�L�W�W�O�H�V�W�D�U�V�¶�� �G�L�J�H�V�W�L�R�Q�� �S�U�R�F�H�V�V�H�V�� �Z�R�X�O�G�� �Q�R�W 

significantly affect rates of oxygen uptake.  

 

2.2.3. Experimental design and set up  

Of the 50 sediment aquaria prepared, 42 were selected for use within the 

experiment. Aquaria were set up to produce a regression experimental design, 

�L�Q�� �Z�K�L�F�K�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �L�Q�G�L�Y�L�G�X�D�O�V�¶�� �G�H�Q�V�L�W�\�� �D�Q�G�� �W�L�P�H�� �Z�H�U�H�� �V�H�W�� �D�V�� �L�Q�G�H�S�H�Q�G�H�Q�W��

variables against which to assess any response. Aquaria were haphazardly 

assigned to one of two oxygen levels (normoxia = 8.09 ± 0.06 mg L-1 or 

moderate hypoxia = 3.59 ± 0.04 mg L-1) and one of six organism density levels 

(0, 5, 9, 13, 17, 21 indiv. per aquaria, equating to 0, 500, 900, 1300, 1700, 2100 

indiv. m-2 respectively). However, for Chapter 2, the zero brittlestar density 

�W�U�H�D�W�P�H�Q�W�� �Z�D�V�� �Q�R�W�� �U�H�T�X�L�U�H�G���� �D�Q�G�� �Z�D�V�� �R�Q�O�\�� �L�Q�F�O�X�G�H�G�� �L�Q�� �W�K�H�� �U�H�V�X�O�W�V�� �D�V�� �D�� �µ�F�R�Q�W�U�R�O�¶��

for bioturbation investigations within Chapter 3. Consequently, for the remainder 

�R�I���W�K�L�V���F�K�D�S�W�H�U�����W�K�H���µ�]�H�U�R�¶���G�H�Q�V�Lty treatments are omitted. Time point T0 marked 

the start of the experiment where five aquaria were haphazardly removed and 

�V�D�P�S�O�H�G�� �W�R�� �F�U�H�D�W�H�� �µ�S�U�H-�H�[�S�R�V�X�U�H�¶ data. At T6, T10 and T14 time intervals, five 

normoxic aquaria and five hypoxic aquaria were haphazardly sampled, again 

including all density levels. Sacrificial sampling of experimental aquaria 

occurred throughout the experiment. 
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Figure 2.1. Diagram of experimental design. Each box represents a single 

experimental aquarium, which was designated one of six brittlestar density 

treatments (0, 5, 9, 13, 17, 21), one of four time treatments (0, 6, 10, 14 days), 

and one of two water treatments (normoxic or moderately hypoxic). Aquaria 

were removed from the experiment after their designated sampling day. 

 

 

Figure 2.2. Image of the experimental system showing the two header tanks, 

perisaltic pumps and individual aquaira within a flow through system. Sediment 

appears green due to the addition of luminophores for bioturbation 

investigations documented in Chapter 3.  



37 
 

2.2.4. Seawater manipulations  

Within the mesocosm, moderately hypoxic and normoxic seawater was held in 

two separate header tanks (vol. = 450 L each). To produce moderately hypoxic 

seawater, DO levels were modified using a computerised control system 

(Webmaster Series, Walchem Holliston, MA, U.S.A), which regulated the 

addition of oxygen free nitrogen gas. This was a modification of the feedback 

system used by Widdicombe and Needham (2007) to create acidified seawater. 

In the modified system nitrogen gas was finely bubbled through aquaria air 

stones whilst seawater DO concentrations were monitored using a submersible 

DO sensor (DO6441-T, Sensorex, Los Angeles, CA, U.S.A.). Once the DO had 

fallen to the desired level the supply of nitrogen was halted, via an automated 

feedback relay system. The replenishment of fresh seawater caused the DO in 

the hypoxic header tank to increase, which triggered the addition of nitrogen 

until the DO sensor detected the pre-set value. Within the header tank small 

plastic spheres floated on top of the moderately hypoxic water to reduce gas 

exchange with the atmosphere, whilst seawater in the normoxic header tank 

was kept aerated with a continuous air supply bubbled through aquaria air 

stones. Both header tanks contained submersible pumps to aid water circulation 

and mixing, and both were shielded with a hard top cover. Each header tank 

was connected to its respective experimental aquaria, via a peristaltic pump, 

which supplied a constant supply of seawater. As the volume of water within 

each header tank decreased, seawater was replenished from a large reservoir 

(vol. = 15,000 L), which was periodically restocked with seawater collected 

approx. 14 km offshore from Plymouth, UK.  
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�$�W���W�L�P�H���S�R�L�Q�W���µ�7���¶���W�K�H���Z�D�W�H�U���V�X�S�S�O�\���I�H�H�G�L�Q�J���K�D�O�I���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���D�T�X�D�U�L�D���Z�D�V��

transferred from the normoxic header tank to the moderately hypoxic header 

tank; it took approximately 24 h for the water in these aquaria to reach the 

desired experimental levels (an approx. decrease of 0.19 mg O2 L
-1 h-1).  The 

seawater within both header tanks and the experimental aquaria were 

monitored daily for DO, temperature, salinity and pH (Table 2.1) using a 

multiprobe (9828, Hanna Instruments, Woonsocket, RI, U.S.A.). 

 

2.2.5. Quantifying metabolic rates  

Rates of oxygen uptake (as a proxy for metabolic rate) of Amphiura filiformis 

�Z�H�U�H�� �P�H�D�V�X�U�H�G�� �X�V�L�Q�J�� �D�� �µ�F�O�R�V�Hd-�U�H�V�S�L�U�R�P�H�W�U�\�¶�� �W�H�F�K�Q�L�T�X�H���� �$�W�� �7������ �I�L�Y�H�� �D�T�X�D�U�L�D��

(one from each density treatment) were haphazardly removed for analysis. 

�7�K�H�V�H���D�T�X�D�U�L�D���I�R�U�P�H�G���W�K�H���µ�S�U�H-�H�[�S�R�V�X�U�H���G�D�W�D�¶�����2�Q���W�K�H���U�H�P�D�L�Q�L�Q�J���V�D�P�S�O�L�Q�J���G�D�\�V��

(T6, T10, T14) five aquaria receiving moderately hypoxic water (one from each 

density treatment) and five aquaria receiving normoxic water (one from each 

density treatment) were haphazardly removed from the experiment. Brittlestars 

were carefully extracted from the sediment and gently rinsed with filtered 

seawater over a 2 mm sieve. Four individuals from each aquarium were then 

haphazardly selected for use in the oxygen uptake trials.  

 

Individuals were carefully blotted dry, weighed using a precision balance (R200-

D, Sartorius, Goettingen, Germany) ( ± 0.01 mg) and placed in a numbered 

mesh basket, containing eleven uniform glass marbles (1.3 cm diam.) which 

provided an inert structure for the brittlestars to hide and bury within. From then 

�R�Q�Z�D�U�G���� �V�S�H�F�L�P�H�Q�V�� �Z�H�U�H�� �N�H�S�W�� �V�X�E�P�H�U�J�H�G�� �L�Q�� �I�L�O�W�H�U�H�G�� ������������ ���P�� �G�L�D�P������ �V�H�D�Z�Dter 

that contained a DO concentration corresponding to their previous experimental 
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water treatment. Whilst submerged, the baskets were placed into individual 

blackened glass chambers (vol. = 50 mL). Each chamber was left open to the 

surrounding water in the holding tank for 60 min to allow brittlestars to settle. 

During this time DO concentrations in each holding tank was monitored and 

adjusted accordingly to replicate the water conditions experienced within the 

experiment. Subsequently, a 10 mm magnetic stirrer was placed within each 

chamber, separated from the organism by the mesh basket. Chambers were 

then sealed, ensuring no trapped air bubbles. The sealed chambers were 

placed within a recirculating chilled water bath (T = 11.5 ¡C) under which, lay 

three stirring plates (MIX 15 eco, 2mag, MŸnchen, Germany) set to 200 rpm. 

Water velocity within the chambers was not recorded but preliminary 

experimentation established that 200 rpm was sufficient to mix the water in the 

chambers and not cause stress to the brittlestars. Five blank control chambers 

containing moderately hypoxic water and no brittlestars were run 

simultaneously.  

 

The decline in oxygen within each closed chamber was determined using a 

non-invasive optical oxygen analyser (5250i, OxySense, Dallas, TX, U.S.A) as 

detailed in Calosi et al. (2013). This technique uses a fibre optic reader-pen that 

contains a blue LED and photodetector to measure the fluorescence 

characteristics of an oxygen sensitive dot which was previously placed inside 

the glass chambers. For the first hour, measurements were taken every 15 min, 

and then every 30 min for the next 4 h. During this time, the reductions in 

oxygen levels within the chambers were monitored to ensure that the incubation 

itself did not impose a respiratory stress on the brittlestars. Oxygen levels within 
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the chambers did not fall more than 13.40 % ± 1.30 (mean ± 95 % CI) of the 

starting value during the course of the oxygen uptake experiments. 

 

Immediately after the first oxygen uptake trial, all individuals that were within 

moderately hypoxic water began a second experiment but with refreshed 

oxygenated seawater (8.09 mg O2 L
-1) being used instead of the hypoxic water. 

Additionally, five new blank chambers were also refreshed with normoxic water. 

However, due �W�R�� �O�R�J�L�V�W�L�F�D�O�� �O�L�P�L�W�D�W�L�R�Q�V���� �D�O�O�� �µ�F�R�Q�W�U�R�O�¶�� �L�Q�G�L�Y�L�G�X�D�O�V�� �W�K�D�W�� �Z�H�U�H�� �N�H�S�W��

within normoxic water during the experimental period and the first oxygen 

uptake trial, were not subjected to a second trial. Consequently, the results from 

this second trial were interpreted separately and with some caution. In summary 

three sets of oxygen uptake data were collected; (1) Nt / No (normoxic 

experimental treatment and normoxic oxygen uptake), (2) Ht / Ho (hypoxic 

experimental treatment and hypoxic oxygen uptake) (3) Ht / No (hypoxic 

experimental treatment and normoxic oxygen uptake), a recovery trial in 

oxygenated water after exposure to hypoxia. �)�R�U���F�O�D�U�L�I�L�F�D�W�L�R�Q�����W�K�H���W�H�U�P���µ�K�\�S�R�[�L�F�¶��

�Z�D�W�H�U�� �R�U�� �W�U�H�D�W�P�H�Q�W�� �U�H�I�H�U�V�� �W�R�� �D�� �µ�P�R�G�H�U�D�W�H�¶�� �O�H�Y�H�O�� �R�I�� �K�\�S�R�[�L�D�� �D�E�R�Y�H�� �W�K�D�W�� �R�I the 

traditionally defined 2.0 mg O2 L
-1. 

 

Small amounts of background oxygen uptake (< 10.40 % of measured values) 

were detected in the normoxic and hypoxic blank control pots. Therefore, 

background respiration was accounted for when calculating the rates of oxygen 

uptake by individual brittlestars. All remaining individuals from the experimental 

aquaria were preserved in Bakers Formal Calcium solution for subsequent 

analysis of the gonads.  
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2.2.6. Measurement of oocyte diameter  

Individuals from time points T0 and T14 were removed from Bakers Formal 

Calcium solution, and their arms excised close to the disk. Each disk was 

placed into a small glass vial (vol. = 20 mL) and dehydrated using a sequence 

of increasing ethanol concentrations (30 min in each 50, 70, 95 % (repeated) 

and then 95 % ethanol/monomer (1:1)). Disks were left in 2-hydroxyethyl 

methacrylate monomer overnight and then embedded in monomer with 

activator before being left to set for 24 h. Subsequently, casts were removed 

from the moulds and air dried for 12 h. A glass knife was used to cut transverse 

sections through the disk (5 µm thick), which were then mounted on glass slides 

and left to air dry. Sections were stained using the Periodic Acid Schiff Method 

(PAS). Due to the unknown distribution of females within each aquaria, and time 

restraints hindering the sectioning of every individual within the experiment, the 

above procedures were repeated until a total of 33 female individuals were 

sectioned, i.e. 11 from T0 (normoxia), 11 from T14 normoxic treatment and 11 

from T14 hypoxic treatment. In order to assess the effects of organism density 

on the reproductive parameters measured, females from every aquarium 

covering each density treatment were sectioned. Only one aquaria (hypoxic 

treatment, indiv. per aquarium = 5, time point = T14), was excluded from this 

analysis because it contained all male specimens.  

 

The plane of the disk section that intersected the greatest number of ovary 

sections was chosen for each female, and a series of images were captured 

under low power (x 10) magnification using a microscope (Reichert Polyvar, 

Leica, Wien, Austria) through a mounted camera system (Coolpix 995, Nikon, 

Tokyo, Japan) that documented the entire brittlestar section. Photos from each 
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image series were selected at random and oocyte feret diameter of every late-

vitellogenic oocyte displaying a nucleus in each photo was measured until 100 

oocytes from each individual had been measured. In total 3300 late-vitellogenic 

oocytes were measured. Image analysis was completed using the software 

Image-Pro Plus (v4.5 Media Cybernetics Inc., MD, U.S.A). Oocyte feret 

diameter is the greatest diameter measurement through the oocyte, based on 

the assumption that oocytes are not always spherical. Two basic rules were 

followed to select oocytes that were measured: (1) oocytes must be in the late-

vitellogenic stage; (2) the nucleoli must be visible (Bowmer 1982, Brogger et al. 

2013).  

 

2.2.7. Estimating gonad maturation  

Counts of oocyte developmental stages were calculated using the same images 

taken for oocyte diameter assessment. Using Image-Pro Plus, 20 ovaries were 

selected randomly from each individual and the total number of late-vitellogenic, 

mid-vitellogenic and pre-vitellogenic oocytes within each ovary were counted. 

Across 33 indiv. a total of 35,275 oocytes were examined. The staining method 

used during slide preparation allowed for distinct colour differences between 

these three major developmental stages which account for the different 

proportions of carbohydrate macromolecules present.  

 

2.3. STATISTICAL ANALYSES  

Statistical analyses were completed using the software package MINITAB 16 

(ver. 16.2.4.4) and PRIMER 6 (ver. 6.1.18). Normality and the homogeneity of 

variances of the data were examined using Anderson-�'�D�U�O�L�Q�J�� �D�Q�G�� �/�H�Y�H�Q�H�¶�V��

tests respectively. Assumptions for normal distributions of the data and 
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homogeneity of variance were met for all parameters examined, apart from the 

late-vitellogenic oocyte stage. However, after an Ln transformation these data 

met assumptions for normality. 

 

Regression analysis was comp�O�H�W�H�G���R�Q���µ�R�[�\�J�H�Q���X�S�W�D�N�H�¶�����µ�R�R�F�\�W�H���G�L�D�P�H�W�H�U���G�D�W�D�¶��

�D�Q�G�� �µ�R�R�F�\�W�H�� �G�H�Y�H�O�R�S�P�H�Q�W�D�O�� �V�W�D�J�H�� �G�D�W�D�¶�� �W�R�� �H�[�D�P�L�Q�H�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �K�\�S�R�[�L�D��

against organism density and exposure time. These tests revealed that 

organism density within the aquaria had no effect on any parameters measured 

and analyses were re-run, excluding density as a factor. An example of these 

regression analyses examining the effects of brittlestar density is incorporated 

in Section 2.4.1. �7�K�H�� �O�D�F�N�� �R�I�� �D�� �µ�E�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶�� �H�I�I�H�F�W��resulted in turning the 

original 3-factor design into a 2-factor design, pooling density treatments 

together, to compare the effects of experimental time and water treatment. In 

order to avoid comparing independent and repeated measures in one analysis, 

(for the oxygen uptake data in particular) data were examined using 2-sample t-

tests. For continuity, the remaining data sets were also examined using the 

same methods. Rates of oxygen uptake data from the Ht / No data set 

(recovery trial) were examined separately using a paired t-test with the 

corresponding data from the Ht / Ho trial.  

 

2.4. RESULTS 

2.4.1. Rates of oxygen uptake  

�5�H�J�U�H�V�V�L�R�Q���D�Q�D�O�\�V�L�V���U�H�Y�H�D�O�H�G���W�K�D�W���µ�R�U�J�D�Q�L�V�P���G�H�Q�V�L�W�\�¶���Z�L�W�K�L�Q���W�K�H���D�T�X�D�U�L�D���K�D�G���Q�R��

�V�L�J�Q�L�I�L�F�D�Q�W�� �H�I�I�H�F�W�V�� �R�Q�� �µ�R�[�\�J�H�Q�� �X�S�W�D�N�H�� �U�D�W�H�V�¶�� ���)�� �U�D�Q�J�H�� ������������- 7.840, p range 

0.068 �± 0.879) (see Table 2.2 for examples). The multivariate test 

�3�(�5�0�$�1�2�9�$�� �Z�D�V�� �D�O�V�R�� �F�R�P�S�O�H�W�H�G�� �W�R�� �D�V�V�H�V�V�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �µ�G�H�Q�V�L�W�\�¶���� �µ�Z�D�W�H�U��
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�W�U�H�D�W�P�H�Q�W�¶�� �D�Q�G�� �µ�H�[�S�R�V�X�U�H�� �W�L�P�H�¶�� �R�Q�� �µ�R�[�\�J�H�Q�� �X�S�W�D�N�H�� �U�D�W�H�V�¶�� �D�Q�G�� �D�J�D�L�Q���� �G�H�Q�V�L�W�\�� �R�I��

organisms in aquaria had no effect on the results (Pseudo-F = 0.339, p(perm) = 

0.849). 

 

Table 2.2. Representative examples of regression analyses examining the 

�H�I�I�H�F�W�V���R�I�� �µ�E�U�L�W�W�O�H�V�W�D�U���G�H�Q�V�L�W�\�¶���R�Q���R�[�\�J�H�Q���X�S�W�D�N�H���U�D�W�H�V���� �%�U�L�W�W�O�H�V�W�D�U���G�H�Q�V�L�W�\�� �K�D�G���Q�R��

effect on any parameters measured and was pooled for further analysis. * 

Significant p values (to 95 % significance level). 

Time & Treatment F-value R-Sq t-value p-value 

T6 normoxic 0.03 0.9 % 0.16 0.879 

T6 hypoxic 0.57 16.1 % -0.76 0.504 

T14 normoxic 7.84 72.3 % -2.80 0.068 

T14 hypoxic 0.05 1.5 % 0.21 0.845 

 

2.4.2. Normoxic treatment, Normoxic oxygen uptake (Nt  / No) 

The mean rate of oxygen uptake from specimens of Amphiura filiformis pre-

exposure (T0) was 0.823 O2 h
-1 g-1 wet mass. After 6 and 10 d experimental 

exposure (T6 and T10), the average oxygen uptake rate of organisms kept 

within normoxic water decreased slightly compared to the rate expressed at T0, 

but not significantly (Fig. 2.3, Table 2.3). After 14 d (T14) the mean rate of 

oxygen uptake increased significantly compared to all previous readings in the 

same treatment (Table 2.3), indicating that there may be an experimental time 

effect. 
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Figure 2.3. Rates of oxygen uptake (µmol O2 g-1 wet mass h-1) for Amphiura 

filiformis within Normoxic treatment / Normoxic oxygen uptake (Nt / No) and 

Hypoxic treatment / Hypoxic oxygen uptake (Ht / Ho) trials. Data expressed as 

means ± 95 % confidence intervals, n = 5. 
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Table 2.3. Two-sample t-tests on rates of oxygen uptake data from normoxic set 

(Nt / No) and hypoxic set (Ht / Ho). * Significant p values (to 95 % significance 

level); n = 5. 

 Nt / No  Ht / Ho Nt / No vs. Ht / Ho 

Time 
t-value p-value  t-value p-value t-value p-value 

T0 vs. T6 1.780 0.150      

T0 vs. T10 1.540 0.199      

T0 vs. T14 3.340 0.029*      

T6 vs. T10 0.880 0.420  5.250 0.002*   

T6 vs. T14 3.220 0.018*  1.650 0.160   

T10 vs.T14 3.600 0.009*  2.250 0.059   

T6      1.220 0.289 

T10      1.420 0.216 

T14      6.950 �’0.001* 

 

 

2.4.3. Hypoxic treatment, Hypoxic oxygen uptake (Ht / Ho)  

Organisms subjected to the Ht / Ho trial exhibited a mean oxygen uptake of 

0.142 O2 h
-1 g-1 wet mass at T6 which significantly increased to 0.463 O2 h

-1 g-1 

wet mass at T10 (Fig. 2.3, Table 2.3). This increase in oxygen uptake rates 

from T6 to T10 shadows that of the organisms within the Nt / No trial (Fig. 2.3). 

After 14 d (T14) exposure to hypoxic water, oxygen uptake rates were slightly 

reduced compared to T10 rates, but did not alter significantly. The only 

significant difference that occurred between Nt / No trial and Ht / Ho trial was at 

T14, where organisms kept within normoxic water (Nt / No) showed a marked 

increase in their oxygen uptake rates, but organisms within hypoxia (Ht / Ho) did 
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not (Fig. 2.3). This may be a reflection on experimental effects and acclimation 

to laboratory conditions.  

 

2.4.4. Hypoxic treatment, Normoxic oxygen uptake (Ht / No)  

Organisms that were exposed to the second oxygen uptake trial, Ht / No, 

(recovery trial) showed no significant differences in their oxygen uptake rates 

compared to their paired data points collected during the Ht / Ho trial (Table 2.4) 

meaning that, once returned to oxygenated water, oxygen uptake rates did not 

immediately increase in a significant manner.   

 

Table 2.4. Paired two sample t-test on rates of oxygen uptake data from hypoxic 

set (Ht / Ho) and recovery set (Ht / No). * Significant p values (to 95 % 

significance level); n = 5. 

 Ht / Ho vs. Ht / No 

Time t-value p-value 

T6 1.220 0.289 

T10 2.660 0.057 

T14 0.930 0.405 

 

 

2.4.5. Oocyte feret diameter  

Feret diameter of developed (late-vitellogenic) oocytes were measured in 

individuals at T0 (pre-exposure) and at T14 only. Regression analysis showed 

�µ�G�H�Q�V�L�W�\�¶���R�I���R�U�J�D�Q�L�V�P�V���Z�L�W�K�L�Q���D�T�X�D�U�L�D���K�D�G���Q�R���H�I�I�H�F�W���R�Q���R�R�F�\�W�H���I�H�U�H�W���G�L�D�P�H�W�H�U�����)��� ��

0.100, p = 0.754). Initially, at T0, mean oocyte diameter measured 102.80 ± 

2.08 µm (95 % C.I. n = 5). After 14 d, brittlestars that had been exposed to 
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normoxic water exhibited a significant increase in mean oocyte diameter 

(114.00 ± 1.40 µm, 95 % C.I. n = 5) compared to individuals measured at T0 

indicating growth over the experimental period (t = 8.070, p < 0.001). 

Specimens exposed to the hypoxic treatment for 14 d (T14) exhibited a mean 

oocyte diameter of 105.85 ± 1.36 µm (95 % C.I. n = 4), which is a slight 

increase in diameter compared to individuals at T0, but not significant (t = 

2.320, p = 0.081). Comparing between water treatments, oocyte diameter was 

significantly smaller in specimens that were exposed to 14 days of hypoxia 

compared to specimens exposed to 14 days of normoxia, (t = 10.130, p = 

0.001) indicating reduced oocyte growth within the hypoxic water treatment over 

the experimental period.  

 

2.4.6. Estimating gonad maturation  

Comparing the pre-exposure measurements taken at T0 under normoxic 

conditions to the oocyte developmental stages, also under normoxic conditions, 

14 d later, there was clear evidence of developmental progression; the number 

of late-vitellogenic oocytes increased significantly, with a concomitant decrease 

in pre-vitellogenic oocytes (Fig. 2.4, Table 2.5). However, individuals that had 

been kept in hypoxic water for 14 days showed no significant differences in late-

vitellogenic and mid-vitellogenic oocyte numbers when compared to the pre-

exposure measurements (T0), indicating a significantly reduced amount of 

developmental progression.   

 

For individuals within the normoxic and hypoxic treatments measured at T14, 

the amount of time for oocyte development was the same, yet individuals 

exposed to hypoxia had significantly less late-vitellogenic oocytes, and a 
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greater number of mid and pre-vitellogenic oocytes compared to individuals 

kept in normoxic water at T14 (Fig. 2.4, Table 2.5). Exposure to hypoxia may 

have disrupted oocyte development resulting in less oocytes maturing and 

growing into the late-vitellogenic stage (Fig. 2.5).  

 

 

Figure 2.4. Reproductive ratios (%) for oocyte development stage within 

Amphiura filiformis pre-exposure (T0) and normoxic and hypoxic treatments at 

T14. Data are means (95 % confidence intervals are not shown, but average at 

1.82, with a range = 0.91 - 3.97). Different letters on graph represent significant 

differences within the same oocyte developmental stage, but across the 

treatment groups (T0 and T14 normoxic n = 5, T14 hypoxic, n = 4). 
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Table 2.5. Two-sample t-test on Amphiura filiformis oocyte developmental stage 

data. Comparisons between T0 (n = 5), T14 N (normoxic treatment) (n = 5) and 

T14 H (hypoxic treatment) (n = 4). * Significant p values (to 95 % significance 

level). 

Time / Treatment t-value p-value 

 
Late-vitellogenic 

T0 vs. T14 N 4.970 < 0.001* 

T0 vs. T14 H 0.990 0.339 

T14 N vs. T14 H 5.240 < 0.001* 

 Mid-vitellogenic 

T0 vs. T14 N 1.180 0.252 

T0 vs. T14 H 1.580 0.130 

T14 N vs. T14 H 2.730 0.014* 

 Pre-vitellogenic 

T0 vs. T14 N 7.010 < 0.001* 

T0 vs. T14 H 2.600 0.018* 

T14 N vs. T14 H 5.360 < 0.001* 
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Figure 2.5. Representative examples of Amphiura filiformis oocytes from 

individuals within normoxic (T14) and hypoxic (T14) treatments. Note that the 

organisms exposed to hypoxia have significantly less late-vitellogenic oocytes 

and more pre-vitellogenic oocytes present compared to the normoxic treatment. 

A = late-vitellogenic, B = mid-vitellogenic, C = pre-vitellogenic. Scale bar = 100 

microns. 
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2.5. DISCUSSION 

Exposure to 14 days of moderate hypoxia reduced the aerobic metabolism of 

the brittlestar Amphiura filiformis and disrupted its reproductive development to 

an extent where oocyte diameter was reduced by 7.15 % and where there are 

14.83 % fewer oocytes that reached the late-vitellogenic stage. However, these 

effects occurred irrespective of population density. Consequently, the fact that 

the number of individuals per aquarium had no significant effect on any of the 

parameters measured here, suggests that in the current experiment individual 

brittlestars do not appear to gain energetic advantage from being in dense 

aggregations.  

 

2.5.1. Effects of density  

Organism aggregations are a regular feature of natural ecosystems and 

occur for many reasons including social and spawning activities or to 

provide benefits to individuals such as thermal advantages (Chapperon & 

Seuront 2012). Here, it was hypothesised that aggregation may benefit 

Amphiura filiformis, via increased aeration and movement of the 

overlying water, aiding burrow ventilation and reducing energetic costs. 

However, in this study, the density of A. filiformis did not affect any of the 

parameters that were investigated. One possible explanation for the lack 

of density-dependent effects could be due to individuals being confined 

within glass aquaria, where there is reduced laminar flow and potential 

edge effects. Although brittlestars were collected from an area of low flow 

and shear stress (Uncles & Torres 2013) previous studies have shown 

that water flow rate has positive effects on A. filiformis somatic growth 

(arm regeneration rates) even when subjected to hypoxia, possibly due 
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to the water pressure gradients created during flow that help to ventilate 

the burrow (Nilsson 2000). Under low flow and low shear stress (i.e. this 

experiment) the capacity to irrigate their burrows requires active pumping 

using two arms. Therefore, irrespective of organism density, active 

burrow ventilation would still be a requirement to prevent the 

accumulation of toxic substances, possibly decreasing the energy yield 

that could be utilised in other important functions such as growth and 

reproduction. No direct measurements of burrow ventilation were 

recorded here, although aquaria were checked daily and protruding arms 

from the sediment were always present, typically indicating burrow 

ventilation and foraging behaviours.  

 

Although our results suggested no advantages to Amphiura filiformis when in 

dense aggregations, there were also presumably no disadvantages. Vevers 

(1952) suggested that densely populated patches of the brittlestar Ophiothrix 

fragilis occurred within the Plymouth region as a result of a consistent, reliable 

food source supplied by tidal streams. Therefore, while aggregation benefits, in 

terms of lowering energetic costs to the organism, may not occur, there are 

other factors such as food supply which could possibly control distribution 

patterns for certain populations in their natural habitats. Food supply is an 

important factor governing growth and energetics within organisms, and may 

sustain growth rates even in hypoxia (Nilsson 1999). In our experiment, food 

was supplied daily with the dose of food proportional to the biomass within each 

aquarium. It may be that a large proportion of the energy gained from food 

ingestion was invested into maintaining burrow ventilation, especially within the 

hypoxic treatment. During hypoxic events, there is often an associated increase 
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in ammonia and hydrogen sulphide (Wu 2002), hence the consequences of 

allowing toxins to accumulate within the burrow could be more hazardous than 

exposure to hypoxia itself.  

 

2.5.2. Effects of hypoxia on oxygen uptake  

Our results are consistent with the view that Amphiura filiformis, in common with 

a number of other brittlestars �K�D�V�� �D�� �W�H�Q�G�H�Q�F�\�� �W�R�� �E�H�� �D�Q�� �µ�R�[�\�F�R�Q�I�R�U�P�H�U�¶���� �D�V�� �L�W��

reduces its metabolic rates with declining pO2 (partial pressure of O2) in the 

surrounding seawater (Binyon 1972, Shick 1983). This was reflected in our 

results, with brittlestars exposed to hypoxia for 6 to 10 days showing a 

comparable trend (Fig. 2.3) of metabolic rates to that observed for individuals 

exposed to normoxic water, but showing consistently reduced rates.  

 

Where there is evidence of oxyregulation in echinoderms, it can be a passive 

consequence of a small amount of biomass in a comparatively large fluid filled 

space (Johansen & Vadas 1967, Mangum & Van Winkle 1973, Spicer 1995), as 

in echinoids, due to active perfusion of respiratory structures (Johansen & 

Petersen 1971), or due to the presence of an extracellular respiratory pigment 

like haemoglobin. For example, the burrowing brittlestar Hemipholis cordifera 

was able to maintain its metabolic rate over a broad range of pO2 (Christensen 

& Colacino 2000) because of the presence of haemoglobin within red blood 

cells contained in the water vascular system (Christensen et al. 2003). 

Amphiura filiformis has a relatively small fluid filled space, does not appear to 

have a respiratory pigment or targeted mechanisms for perfusing putative gas 

exchange surfaces, and shows little evidence of oxyregulation (Spicer pers. 

obs.). 
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Brittlestars exposed to Nt / No (normoxic treatment / normoxic oxygen uptake) 

in the current study exhibited oxygen uptake rates broadly comparable to those 

recorded by Vopel (2003), but lower (even allowing for temperature differences) 

than those found by Buchanan (1964) for the same species. The reduced rates 

of oxygen uptake at T6 and T10, although not a significant change from pre-

exposure rates (T0), may be representative of experimental stress and 

adjustment to mesocosm conditions (Fig. 2.3). The significant increase in rates 

of oxygen uptake at T14 could be a sign of acclimation and recovery from the 

initial stress of collection and laboratory conditions. Although these rates are 

elevated compared to all other time points recorded for the same water 

treatment, the values were not dissimilar to those recorded for other brittlestar 

species (Binyon 1972). Acclimation time was accounted for in the experimental 

set up, but it is difficult to show exactly what effects are caused to organisms 

�Z�K�H�Q���U�H�P�R�Y�H�G���I�U�R�P���W�K�H���I�L�H�O�G���D�Q�G���K�R�Z���O�R�Q�J���U�H�F�R�Y�H�U�\���W�R���D���µ�Q�R�U�P�D�O�¶���S�K�\�V�L�R�O�R�J�L�F�D�O��

state would take. If this is the case for organisms exposed to normoxic 

seawater, our results suggests that exposure to hypoxia has hindered this 

acclimation process and possibly caused metabolic depression.  

 

Furthermore, results from the Ht / No (hypoxic treatment / normoxic oxygen 

uptake) trial (i.e. recovery), although viewed with caution, indicate that 

Amphiura filiformis showed no increase in its rates of oxygen uptake when re-

introduced to oxygenated water. This continued reduction of metabolic rate 

levels even upon return to fully oxygenated water could be interpreted in a 

number of different ways, none of them mutually exclusive: (1) Active metabolic 

reduction triggered by >10 days exposure to moderate hypoxia. A number of 



56 
 

marine animals respond to hypoxic exposure by conserving energy through an 

active down regulation of certain enzymatic processes (Wu 2002) and thus it is 

reasonable to assume that our data here represents metabolic reduction due to 

exposure to hypoxia and the inability to increase rates of oxygen uptake when 

re-introduced to oxygenated water; (2) recovery of pre-hypoxic rates of oxygen 

uptake is a slow process and could have not be detected over the time frame of 

our experiment (i.e. within 4 h of the respiration experiment); (3) sign of 

pathological damage, however this is unlikely as organisms appeared healthy 

and mortality rate was 0 %; and / or (4) artefact of the experimental design, our 

data being potentially affected by the fact that brittlestars were potentially 

exposed to elevated levels of stress due to the undertaking of a second oxygen 

uptake trial, especially when the data cannot be compared to a second trial for 

the specimens exposed to normoxia. However, rates of oxygen uptake within 

the recovery trials remained similar throughout the experiment and at time point 

T6, almost match the rates of oxygen uptake of the organisms within normoxic 

water, reducing the possibility that experimental stress may be overriding the 

effect of the factors of interest.  

 

If the reduction in oxygen uptake by Amphiura filiformis exposed to hypoxic 

conditions is mainly a result of reduced metabolic rates, it could be that 

assimilated energy may be redirected into other processes. Cheung et al. 

(2008) found that rates of oxygen uptake by the scavenging gastropod, 

Nassarius festivus were reduced as environmental oxygen tension decreased, 

with fewer egg capsules produced at lower oxygen tensions. At 3.0 mg O2 L
-1, 

Cheung et al. (2008) documented a 48 % reduction in energy allocation to 

growth and reproduction compared to organisms kept at 6.0 mg O2 L-1, yet 
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investment into shell growth continued, indicating that under stressful conditions 

this species preferentially allocate energy into a trait that would enhance 

survival. In the case of A. filiformis investigated here, energy savings as a result 

of recourse to reduced metabolic rates could be invested into burrow ventilation 

(locomotion), to reduce toxins and increase burrow oxygenation. This may be 

the behaviour / trait that would most enhance survival under experimental 

hypoxic conditions when laminar flow is reduced and could explain, in part, the 

delay in reproductive development as observed here.  

 

2.5.3. Effects of hypoxia on reproduction  

Amphiura filiformis has a discrete, relatively short breeding period occurring 

largely in late summer / autumn with the fastest growth often occurring in May - 

June (Bowmer 1982). This experiment was timed prior to spawning, and 

possibly encapsulated a period of rapid growth. Our results indicate exposure to 

14 days of moderate hypoxia significantly delayed reproductive development, 

both in terms of oocyte diameter and the number of fully developed oocytes 

present at the end of the experimental period. Although, it is difficult to predict 

what ecological effect these results may hold, they may provide an insight into 

why spawning was delayed for this species when exposed to hypoxia in the 

�V�W�X�G�\���F�R�Q�G�X�F�W�H�G���E�\���1�L�O�V�V�R�Q���	���6�N	:�O�G�������������������+�R�Z�H�Y�H�U�����L�W���V�W�L�O�O���U�H�P�D�L�Q�V���X�Q�F�O�H�D�U���L�I��

this delay in oocyte development could be beneficial to the organism, where 

gametogenesis would resume normal development when the extrinsic 

environmental conditions become favourable, or if aerobic energy assimilation 

whilst exposed to hypoxia was so limited, it restricted energy investment into 

reproductive output. In previous experiments, A. filiformis could allocate a 

greater fraction of its energy budget in arm regeneration instead of disk growth 
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(Nilsson 2000) in order to rehabilitate its full capacity for capturing food after 

sub-lethal predation. Therefore, as mentioned above it is possible that energy 

was strategically allocated to metabolic processes and locomotory movements 

i.e. burrow ventilation, to increase chances of survival during hypoxic stress. 

Furthermore, our experiment could not take into account the effects of sub-

lethal predation occurring in bri�W�W�O�H�V�W�D�U�V�¶���Q�D�W�X�U�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�����L���H�����V�R�P�D�W�L�F���J�U�R�Z�W�K��

�P�H�D�V�X�U�H�G�� �D�V�� �D�U�P�� �U�H�J�H�Q�H�U�D�W�L�R�Q���� �2�¶�&�R�Q�Q�R�U�� �H�W�� �D�O���� �������������� �U�H�S�R�U�W�� �H�V�W�L�P�D�W�H�V�� �R�I��

energy flow within A. filiformis of 77.4 % for respiration, 16.0 % for arm 

regeneration and 6.6 % is allocated to gonad output. The number of arms being 

regenerated affects regeneration rates and energy allocation from the disk, 

including the gonads ���'�R�E�V�R�Q���H�W���D�O�����������������1�L�O�V�V�R�Q���	���6�N	:�O�G������������ and therefore, 

the energy required for arm regeneration during a hypoxic event in the field may 

impede reproductive development to an even greater extent than measured 

here. Additionally, studies investigating future scenarios of warmer, more acidic 

oceans have also shown that these environmental parameters can affect 

energy allocation in brittlestars. Wood et al. (2010) found that ocean 

acidification and increased temperature may indirectly affect the fitness and 

survival of Ophiura ophiura, causing a slower recovery from arm damage. In 

earlier work, Wood et al. (2008) demonstrated that A. filiformis can increase its 

metabolism and net calcification when exposed to acidified water, but at a 

substantial cost (arm muscle wastage). The possible interactive effects of 

�K�\�S�R�[�L�D���� �D�F�L�G�L�I�L�F�D�W�L�R�Q���D�Q�G���W�H�P�S�H�U�D�W�X�U�H�� �R�Q�� �E�U�L�W�W�O�H�V�W�D�U�V�¶�� �H�Q�H�U�J�H�W�L�F�V�� �D�Q�G�� �O�R�Q�J�� �W�H�U�P��

survival are currently unknown.   
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2.6. CONCLUSIONS 

Exposure to moderate hypoxia for 14 days reduces aerobic metabolism and 

delays reproductive development in the ecologically important brittlestar 

Amphiura filiformis. More broadly, there is already evidence to suggest that 

moderate hypoxia can severely affect the reproductive and endocrine systems 

in a number of other functionally important marine animals (Wang & Widdows 

�������������%�D�N�H�U���	���0�D�Q�Q���������������1�L�O�V�V�R�Q���	���6�N	:�O�G���������������&�K�D�Q���H�W���D�O��������������. However, 

research in this area is still in its infancy (Wu 2002). In the long term, recurring 

hypoxic events may have major implications for benthic and pelagic population 

dynamics by indirectly affecting metabolic processes and reproduction, 

possibility resulting in reduced diversity and functionality within these 

communities. Currently, the dynamics between benthic reproductive outputs, 

planktonic larvae recruitment and the repercussions for juvenile and adult 

populations when exposed to hypoxia are still poorly understood (Birchenough 

et al. 2015). Further investigations of the effects of hypoxia on reproduction and 

development of other functionally important benthic taxa would provide 

important insights into the long term effects to biodiversity in areas where 

hypoxia is going to be increasingly common and more intense.  
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CHAPTER 3:  IMPACT OF HYPOXIA ON ORGANISM ACTIVITY 

AND IMPLICATIONS FOR  SEDIMENT PROCESSES 

 

Moderate hypoxia affects Amphiura filiformis surface bioturbation activities with 

consequences for nutrient fluxes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Aspects of this chapter have been submitted as:  

Calder-Potts R, Spicer JI, Calosi P, Findlay HS, Queir—s AM, Widdicombe S, 

(2016). Brittlestar density significantly affects the influence of even 

moderate hypoxia on bioturbation with consequences for nutrient fluxes, 

Marine Ecology Progress Series, (submitted). 
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3.1. INTRODUCTION 

Continental margins account for ~ 7 % of the surface of the global oceans 

(Gattuso et al. 1998) with approx. 80 % of these areas occurring at < 200 m 

depth (Liu et al. 2010). However, despite their modest global surface area, 

continental margins are responsible for as much as 90 % of sedimentary re-

mineralisation of organic matter (Gattuso et al. 1998). In near-coast shallow (< 

25 m depth) shelf seas, light penetration and intense nutrient recycling lead to 

substantial near seabed primary production that can double the total carbon 

fixation. This process is tightly linked to the transport of materials mediated by 

fauna living in or on the seabed, both over short and long time scales (Canfield 

& Farquhar 2009, Boyle et al. 2014).  

 

Benthic infauna are responsible for the biogenic mixing of the sediment, a 

process known as bioturbation, which directly or indirectly affects sediment 

matrices (Shull 2009, Kristensen et al. 2011). Through the creation of pits, 

mounds and burrows, sediment ingestion and excretion, as well as the bio-

irrigation of subsurface burrows, benthic infauna play a significant role in 

mediating the rate and depth of many chemical and physical reactions. This 

ultimately drives carbon and nitrogen cycling, establishes oxygen, pH and redox 

gradients, determines sediment porosity and permeability, and sets microbial 

activity rates and diversity (Herbert 1999, Shull 2009, Laverock et al. 2010, 

Bertics et al. 2013). 

 

However, changes in biodiversity, species composition and alterations to 

ecosystem function are predicted to increase as humans continue to affect the 

marine environment, especially in coastal areas (Tšrnroos et al. 2015). One 
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such disturbance to coastal ecosystems is a significant increase in events of 

low dissolved oxygen (DO) conditions, i.e. hypoxia, which is now recognised as 

a key environmental stressor and is predicted to increase in coastal areas as 

global warming and human-induced eutrophication intensify (Diaz & Rosenberg 

2008, Vaquer-Sunyer & Duarte 2008, Howarth et al. 2011).  

 

The response of any individual infaunal organism to hypoxia is highly variable 

and dependent on the severity and duration of the hypoxic event (Spicer 2014). 

When severe hypoxia occurs (usually defined as < 2.0 mg O2 L-1) species 

mortality or mass migrations can occur (Vaquer-Sunyer & Duarte 2008). 

However, not only is the onset of coastal hypoxia a process, resulting in the 

decline of DO through time, it does not always result in such severe reductions 

in DO. Additionally, there is ample evidence that this threshold is inadequate to 

describe the onset of hypoxia impacts for many organisms (Vaquer-Sunyer & 

Duarte 2008, Seibel & Childress 2013), and valid arguments exist for 

establishing oxygen tolerance limits based on measures of physiological or 

ecological performance (Seibel & Childress 2013). When DO levels are 

reduced, before mass mortalities or species migrations are observed, organism 

responses to hypoxia are often initially expressed through changes in organism 

physiology and behaviour (Grieshaber et al. 1994). Documented changes 

include reduced growth in oyster larvae and juveniles (Baker & Mann 1992), 

delayed embryonic development in gastropods (Chan et al. 2008) and reduced 

metabolic rates and oocyte growth in brittlestars, as described in Chapter 2 and 

Calder-Potts et al. (2015). Behavioural responses include elongated bivalve 

siphons, abandonment of burrows and reduced burrowing depths and activity of 

infauna (Sturdivant et al. 2012). Importantly, behavioural data may provide a 
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link between individual response and population change, especially if the 

behaviour alters the structure and function of the community (Boyd et al. 2002).  

 

Ecosystem engineers are defined as species that modify, maintain and create 

habitats and, through their actions, modulate the availability of resources to 

other species (Lawton 1994, O'Reilly et al. 2006). One such species, the 

brittlestar Amphiura filiformis (O.F. MŸller, 1776), is an active and well-studied 

bioturbator (Solan & Kennedy 2002, Solan et al. 2004a, O'Reilly et al. 2006, 

Queir—s et al. 2013, Queir—s et al. 2015). Amphiura filiformis is primarily a 

suspension feeder that remains buried below the sediment surface and 

protrudes one or more arms into the water column. It actively undulates its arms 

and pumps its disc to achieve respiratory gas exchange, burrow ventilation and 

irrigation, in addition to collection and expulsion of food and waste (Vopel et al. 

2003, Calder-Potts et al. 2015). Amphiura filiformis is also a dominant species 

in many coastal and shelf areas of the NE Atlantic and its effects on sediment 

properties may explain its structuring effect in infauna communities (Queir—s et 

al. 2006). Negative impacts of hypoxia on the biology of A. filiformis have also 

been documented for a range of key physiological processes. Hypoxic exposure 

reduces A. filiformis disc diameter growth (Hylland et al. 1996), reduces arm 

regeneration rates and delays spawning ���1�L�O�V�V�R�Q���	���6�N	:�O�G 1996, Nilsson 1999), 

reduces metabolic rates, reduces oocyte growth and delays reproductive 

development (Chapter 2, Calder-Potts et al. 2015). However, research that 

examines the links between the biological or physiological consequences of 

hypoxia and the subsequent impacts on organism behaviour and the 

repercussions for ecosystem processes are limited.  
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�,�Q�� �D�� �µ�U�D�Q�G�R�P�� �H�[�W�L�Q�F�W�L�R�Q�¶�� �H�Y�H�Q�W�� �V�L�P�X�O�D�W�L�R�Q�� �V�W�X�G�\�� �I�R�F�X�V�H�G�� �R�Q�� �W�K�H�� �1�R�U�W�K�� �6�H�D���� �W�K�H��

biogenic mixing depth (BMD), an indicator of bioturbation, was dependant on 

whether Amphiura filiformis was among the survivors (Solan et al. 2004a). Field 

data on communities exposed to fishing pressure in the Irish Sea demonstrated 

that community biomass and production dramatically decreased following the 

loss of the dominant A. filiformis, a species which is highly vulnerable to 

physical damage associated with trawling (Queir—s et al. 2006). Therefore, in 

communities where contributions to ecosystem function are dominated by one 

species, stress induced loss or behavioural alterations of that dominant species 

can have consequences for the entire community.   

 

In order to predict the impacts of environmental stressors, such as hypoxia, on 

ecosystem function in coastal environments, a better understanding is needed 

of the mechanisms and acclimations that functionally dominant species, such as 

Amphiura filiformis, undergo and the consequential effects on functional 

performance. Consequently, a 14 day mesocosm experiment was conducted 

that addressed the following questions: 1) Does exposure to moderate hypoxia 

affect A. filiformis behaviour, measured in terms of bioturbation activity? 2) Do 

any changes in A. filiformis behaviour affect nutrient fluxes in the sediment, as a 

proxy for the ability to maintain ecosystem function? 3) What role does 

population density play in maintaining ecosystem function? 4) If density is a 

significant factor, do populations with a higher density of individuals display 

greater resilience to hypoxic stress than populations with lower densities, 

possibly as a consequence of greater bioturbation activities and thus increased 

pore-water exchange?  
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Within a controlled mesocosm environment, Amphiura filiformis was exposed to 

14 days moderate hypoxia. Bioturbation activity was measured using 2D 

imaging and particle tracing methods (Mahaut & Graf 1987, Gilbert et al. 2003, 

Solan et al. 2004b). Tracer data were then used to quantify three different 

parameters: maximum bioturbation depth, percentage of the sediment surface 

reworked, and bioturbation activity as determined using a process based 

random-�Z�D�O�N���P�R�G�H�O�����1�X�W�U�L�H�Q�W���I�O�X�[���G�D�W�D���Z�H�U�H���X�V�H�G���D�V���D�Q���µ�H�[�S�H�U�L�P�H�Q�W�D�O���S�U�R�[�\�¶���I�R�U��

ecosystem function to give an indication of how hypoxia affects the functionality 

of A. filiformis.  

 

3.2. MATERIALS AND METHOD S 

The data presented here were generated from the same mesocosm experiment 

documented in Chapter 2. For details on sediment collection refer to Sect. 2.2.1, 

for details on brittlestar collection refer to Sect. 2.2.2, for details on experimental 

design and set up refer to Sect. 2.2.3, and for details on seawater manipulations 

refer to Sect. 2.2.4 and Table 2.1. 

 

3.2.1. Acquisition of bioturbation data  

3.2.1.1. Image preparation 

Bioturbation data for all aquaria held within the mesocosm were acquired using 

a luminophore tracer technique (Mahaut & Graf 1987) and 2-D imaging under 

U.V. light to monitor the movement of luminophores over time. The 

luminophores (supplier, Partrac ltd., Glasgow, U.K.) used were chosen to match 

the sediment granulometry of the collection site (Cawsand, U.K.) and had a 

median grain size of 60 µm. The luminophore particles are naturally occurring 

quartz material coated with a fluorescent dye. Luminophores (0.2 g per cm2 = 
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20 g per aquaria) were added to the experimental aquaria 5 d in advance of 

their allocated sampling day (T0, T6, T10 or T14) resulting in a staggered 

addition of luminophores across the experimental period. Luminophores were 

added to each aquarium by evenly pouring them into the overlying water. 

Settlement of luminophores took approximately 1 h, during which time water 

circulation to the aquaria was stopped (Fig. 3.1).   

 

Each aquarium was then photographed once every 24 h (± 1 h) for a total of 6 d 

(n images per aquarium = 6) (Fig. 3.1). To this end, aquaria were individually removed 

from the experimental system and carefully placed at one end of a custom-

made black box which housed at the other end (and at a fixed focal distance 

from the aquarium) a digital SLR camera (Canon EOS 1000D, 10.1 MP), and 

was illuminated by a 8 W ultra violet (UV) light (see Schiffers et al. 2011, 

supporting material, Fig. S1). A custom made frame was fixed in the camera 

box that held the aquaria in the exact same position each time a photograph 

was taken. The camera was set for an exposure of 10 s, f = 5.6, ISO = 200, was 

controlled remotely via a PC using the software GB Timelapse, (V 3.6.1). The 

UV light inside the photo box was necessary for luminophore excitation and 

produced enough light to distinguish the sediment-water profile. Images were 

captured in RGB format and saved using a JPEG compression (sized 3888 x 

2592 pixels). After each photograph session, aquaria were returned to the 

experimental system and re-connected to their respective flow�±through water 

treatment. The sixth and final photograph for each aquaria occurred on a 

sampling day (T0, T6, T10 or T14). At this point, designated aquaria were 

removed from the experiment for further analysis.  
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3.2.1.2. Image data extraction 

Using the software, ImageJ (V. 1.4.3) all photographs were cropped to a size of 

2996 x 2200 pixels, which removed the edges of the aquaria. On each image, 

the water-sediment interface was drawn manually. This line represented the 

initial reference used to calculate luminophore penetration depths. Luminophore 

positions in each image were quantified using custom-made, semi-automated 

algorithms for R 2.15.1 (R Development Core Team 2012, Queir—s et al. 2015) 

and Image J (V. 1.4.3) modified from Queir—s (2010). The algorithm acts as an 

automated standardised method for image segmentation (threshold analysis), 

which accounts for potential changes in the apparent brightness of luminophore 

pixels as particle mixing occurs during the aquarium incubations. In summary, 

each image was transformed to a binary matrix, where luminophore pixels were 

assigned the value of 1 and sediment pixels a value of 0. Image data were 

automatically compiled as a count of luminophores per pixel layer (i.e. depth) 

within each image, with sediment depth calculated relative to the linearised 

sediment-water interface. Luminophores per pixel layer were then summed 

creating a row total, which was used to re-construct vertical profiles of 

luminophores within the sediment from each photograph, in addition to profile 

sequences for the set of six images.  

 

3.2.1.3. Quantifying bioturbation 

The luminophore tracer profiles extracted from each image were used to 

estimate three aspects of bioturbation. Firstly, maximum luminophore 

penetration depth (MPD) was used as a proxy for maximum bioturbation depth, 

and estimated by determining the deepest image pixel row containing at least 

five luminophore pixels. Five luminophore pixels approximately equated to 330 
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�Pm, which represented one �± two individual luminophore particles. Secondly, 

bioturbation activity was estimated by calculating the proportion of sediment 

surface reworked (SSR), measured as 100% minus the percentage of tracer left 

in the surficial layers (the first cm of sediment) at the end of each time point 

(Maire et al. 2006). Lastly, the open-source, bioturbation process based 

random-walk model detailed in Schiffers et al. (2011) was applied to the tracer 

profiles. The core of the model represents a random walk approach for active 

particle movement (local transport) and a discrete and stochastic version of an 

advection model which accounts for non-local transport (Schiffers et al. 2011). 

Model rules and parameterisation are detailed in Schiffers et al. (2011). The 

�P�R�G�H�O�� �R�X�W�S�X�W�� �L�Q�F�O�X�G�H�V�� �W�K�U�H�H���S�D�U�D�P�H�W�H�U�V���� �W�Z�R�� �R�I�� �Z�K�L�F�K�� ���µdistance�¶���D�Q�G�� �µactivity�¶����

�D�U�H�� �L�P�S�R�U�W�D�Q�W�� �G�H�V�F�U�L�S�W�R�U�V�� �R�I�� �E�L�R�W�X�U�E�D�W�L�R�Q���� �µDistance�¶�� �L�V�� �W�K�H�� �D�Y�H�U�D�J�H�� �G�L�V�W�D�Q�F�H�� �D��

�V�L�P�X�O�D�W�H�G�� �W�U�D�F�H�U�� �S�D�U�W�L�F�O�H�� �W�U�D�Y�H�O�V�� �Z�L�W�K�L�Q�� �R�Q�H�� �W�L�P�H�� �V�W�H�S���� �D�Q�G�� �µactivity�¶�� �L�V�� �W�K�H��

probability of displacement for each simulated tracer particle within one time 

�V�W�H�S���� �7�K�H�� �W�K�L�U�G�� �S�D�U�D�P�H�W�H�U���� �µtracerdiff�¶, sets the probability of a particle being 

displaced according to density differences between luminophores and natural 

sediment particles.  
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Figure 3.1. Example of luminophore mixing over a six day period within an 

aquaria containing 21 individuals. Image (a) represents luminophore mixing 1 

hour after addition, image (b) represents luminophore mixing six days after 

addition.  

 

 

�~���• 

�~���• 
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3.2.2. Nutrient analysis  

Nutrient samples were taken from each aquarium at time points T6, T10 and 

T14. Water overlying the sediment (1 ± 0.5 cm) and water from the inflow pipe 

connected to the header tanks were sampled separately, in triplicate, on each 

sampling day. Each 50 mL sample was filtered through a 47 mm ¿ GF/F filter 

and stored in an acid washed Nalgene bottle. Samples were stored and frozen 

at -20 ¡C until analysed using a segmented flow nutrient auto-analyser (AAIII, 

SEAL Analytical, Fareham, U.K.). Standard methods were used to detect 

ammonium, nitrate, nitrite, silicate and phosphate concentrations (Brewer & 

Riley 1965, Grasshoff 1976, Mantoura & Woodward 1983, Kirkwood 1989). 

Nutrient fluxes were calculated using Eq. (3.1) from Widdicombe and Needham 

(2007). Fluxes across the sediment-water interface provide an estimation of the 

net change of nutrient���T within the experimental aquaria and give an indication 

of the alterations in biogeochemical cycling caused by a reduction in dissolved 

oxygen concentrations and also by changes in infaunal activities and 

abundance. 

 

�(�ë L��
�:�¼�Ô�?���¼�Ú�;H�Ê

�º
��������������������������        (3.1) 

 

Where Fx is the flux of nutrient �T (µmol m-2 h-1), Ci is the concentration of 

nutrient �T in the inflow water (µM), Co is the concentration of nutrient �T in the 

aquaria water (µM), Q is the rate of water flow through the aquaria (L h-1) and A 

is the sediment area within the aquaria (m2). A positive flux value indicates 

nutrient �T is being taken up by the sediment (influx) and a negative value 
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indicates nutrient �T is being released from the sediment (efflux) into the 

overlying water.  

 

3.3. STATISTICAL ANALYSES   

Statistical analyses were carried out using the software package MINITAB 17 

(ver. 17.1.0). The Shapiro-�:�L�O�N�� �W�H�V�W�� �I�R�U�� �Q�R�U�P�D�O�L�W�\�� �D�Q�G�� �/�H�Y�H�Q�H�¶�V�� �W�H�V�W�� �I�R�U��

homogeneity of variance were completed on each parameter measured. Where 

necessary, either a square root or Log10 +1 transformation was applied. 

Ammonium flux data were the exception and could only be normalised using a 

�µ�V�L�Q�H�¶�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���� �(�D�F�K�� �S�D�U�D�P�H�W�H�U�� �Z�D�V�� �D�Q�D�O�\�V�H�G�� �X�V�L�Q�J�� �D�� �J�H�Q�H�U�D�O�� �O�L�Q�H�D�U��

�P�R�G�H�O�� �D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H�� ���$�1�2�9�$������ �Z�L�W�K�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶�� ���Q�R�U�P�R�[�L�F�� �R�U��

�K�\�S�R�[�L�F������ �µ�E�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶�� �������� ������ ������ �������� ������ �D�Q�G�� ������ �L�Q�G�L�Y����per aquaria), and 

�µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶�� �������� ������ ������ �D�Q�G�� ������ �G���� �D�V�� �W�K�H�� �I�D�F�W�R�U�V���� �3�U�L�R�U�� �W�R�� �D�Q�D�O�\�V�H�V�� �R�I��

nutrient flux data within the experimental aquaria, nutrient measurements 

�R�U�L�J�L�Q�D�W�L�Q�J�� �I�U�R�P�� �W�K�H�� �K�H�D�G�H�U�� �W�D�Q�N�V�� �Z�H�U�H�� �W�H�V�W�H�G�� �I�R�U�� �µ�W�D�Q�N�� �H�I�I�H�F�W�V�¶���� �+�H�D�G�H�U�� �W�D�Q�N��

nutrient data could not be normalised using any transformation and were 

analysed using the non-parametric Mann-Whitney U rank sum test.  

 

The treatments containing no Amphiura filiformis (i.e. a brittlestar density of 

zero) were excluded from analyses on maximum luminophore depths (MLD) 

and % of surface sediment reworked (% SSR) because, as expected, 

luminophores were not disturbed or bioturbated within these treatments. By 

excluding the zero density treatment, MLD and % SSR relationships with 

brittlestar density are not artificially strengthened or skewed due to the addition 

of a zero activity data point due to no brittlestars being present. The zero 

brittlestar density treatments were included in the nutrient flux analyses 
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because they provide insight into background nutrient cycling rates in the 

absence of A. filiformis.  

 

3.4. RESULTS 

3.4.1. Bioturbation activity  

3.4.1.1. Maximum luminophore depths (MLD) 

The average maximum luminophore depth (MLD) measured across all aquaria 

(excluding the 0 density treatment) was 7.99 ± 0.57 cm (mean ± 95% CI). There 

were no significant effects of the experimental parameters on MLD (Table 3.2 

a).  

 

Table 3.1. General linear model ANOVA for maximum luminophore depths 

(MLD) (a); percentage of sediment surface reworked (% SSR) (b); the 

�S�D�U�D�P�H�W�H�U�� �µdistance�¶�� ���F�P���� �F�D�O�F�X�O�D�W�H�G�� �I�U�R�P�� �W�K�H�� �S�U�R�F�H�V�V-based modelling of 

bioturbation (c). Degrees of freedom (DF); sum of squares (SS); mean squares 

(MS); F-value (F); and probability value (p). *Significant p-values (to 95 % 

significance level). 

Source  DF SS MS F p 

(a) MLD      

Water treatment 1 0.00 0.00 0.00 0.998 

Density 4 14.36 3.59 1.37 0.277 

Time 3 11.74 3.91 1.49 0.245 

Water treatment * Density 4 19.98 5.00 1.90 0.145 

Residual 22 57.71 2.62   

Total 34 110.38    

      

(b) % SSR      

Water treatment 1 16.8 16.83 0.16 0.692 
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Density 4 7578.8 1894.71 18.09 <0.001* 

Time 3 1228.8 409.59 3.91 0.022* 

Water treatment * Density 4 1347.7 336.93 3.22 0.032* 

Residual 22 2304.5 104.75   

Total 34 13034    

      

���F�����µdistance�¶�����F�P��      

Water treatment 1 0.0000010 0.0000010 0.33 0.572 

Density 4 0.000028 0.0000070 2.48 0.076 

Time 3 0.00013 0.000043 15.08 <0.001* 

Water treatment * Density 4 0.000026 0.0000060 2.25 0.098 

Residual 21 0.000060 0.0000030   

Total 33 0.00025    
 

3.4.1.2. Percentage of sediment surface reworked (% SSR) 

In both the normoxic and hypoxic water treatments, the percentage of sediment 

surface reworked (% SSR) was significantly greater as brittlestar density 

increased (Fig. 3.2, Table 3.1 b). There was also a significant effect of 

�µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶�� �Z�K�H�U�H�E�\�� �R�Q�� �D�Y�H�U�D�J�H���� �L�Q�� �E�R�W�K�� �Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�V���� �O�H�V�V��

sediment surface was reworked the longer the brittlestars remained in the 

experimental system (Table 3.1 b). For example, the average % SSR across 

both water treatments and all density treatments at T0 was 41.67 %, which 

decreased to 30.56 % at T6, 28.02 % at T10 and 22.49 % at T14. There is the 

possibility that this was due to the animals taking time to acclimate to the 

conditions within the mesocosm (cf. Chapter 2). 

 

�,�Q�� �D�G�G�L�W�L�R�Q���� �W�K�H�U�H�� �Z�D�V�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�I�I�H�F�W�� �E�H�W�Z�H�H�Q�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶��

�D�Q�G�� �µ�E�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶�� ���7�D�E�O�H�� �������� �E������ �7�K�L�V�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �W�K�H�U�H�� �D�U�H�� �V�Lgnificant 

effects of each of the factors, but the effect of water treatment was modified 
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through the levels of brittlestar density. For example, the largest differences in 

% SSR between the normoxic and hypoxic aquaria occur in the highest 

brittlestar density treatment (21 indiv. per aquaria) at T6 and T14. At T6 within 

the normoxic aquaria % SSR = 54.80 %, whilst in the hypoxic aquaria % SSR = 

29.68 %. At T14 within the normoxic aquaria % SSR = 64.16 %, whilst in the 

hypoxic aquaria % SSR = 26.10 %. There �Z�H�U�H���Q�R���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W�V���R�I�� �µ�Z�D�W�H�U��

�W�U�H�D�W�P�H�Q�W�¶���L�Q���L�V�R�O�D�W�L�R�Q���D�Q�G���Q�R���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W�V���E�H�W�Z�H�H�Q���µ�Z�D�W�H�U���W�U�H�D�W�P�H�Q�W�¶���D�Q�G��

�µ�W�L�P�H�¶�����7�D�E�O�H�����������E������ 

 

Figure 3.2. Percentage of sediment surface reworked (% SSR) (top 1 cm only) 

against brittlestar density at time points T0, T6, T10 and T14. Points represent 

�L�Q�G�L�Y�L�G�X�D�O���D�T�X�D�U�L�D�����”����� ���Q�R�U�P�R�[�L�D�����|��� ���K�\�S�R�[�L�D�� 

 

T6

0 5 10 15 20
0

20

40

60
T0

0 5 10 15 20

%
 S

e
d

im
e

n
t s

u
rf

a
ce

 re
w

o
rk

e
d

0

20

40

60

T10

Brittlestar density

0 5 10 15 20

%
 S

e
d

im
e

n
t s

u
rf

a
ce

 re
w

o
rk

e
d

0

20

40

60
T14

Brittlestar density

0 5 10 15 20
0

20

40

60



76 
 

3.4.1.3. Process-based modelling of bioturbation 

Investigation of sums of squares plots indicated strong correlation in model 

error associated with the investigated ranges of values for the parameters 

�µactivity�¶ and �µdistance�¶. For this reason, the two-parameter optimisation model 

was used by fixing one of the parameters (�µactivity�¶), as recommend by the 

model authors (Schiffers et al. 2011). To reduce computing time, model 

simulations were conducted on a grid containing 297 sediment layers (1 layer = 

1 pixel row) equating to a depth of 2 cm, as per Schiffers et al. (2011). Analyses 

�U�H�Y�H�D�O�H�G�� �W�K�D�W�� �µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶�� �K�D�G�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W�� �H�I�I�H�F�W�� �R�Q�� �W�K�H�� �S�D�U�D�P�H�W�H�U��

�µdistance�¶�����F�P�����F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���S�U�R�F�H�V�V-�E�D�V�H�G���P�R�G�H�O�����E�X�W���µ�Z�D�W�H�U���W�U�H�D�W�P�H�Q�W�¶����

�µ�E�U�L�W�W�O�H�V�W�D�U���G�H�Q�V�L�W�\�¶�����D�Q�G���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���µ�Z�D�W�H�U���W�U�H�D�W�P�H�Q�W�¶���D�Q�G���µ�E�U�L�W�W�O�H�V�W�D�U��

�G�H�Q�V�L�W�\�¶���K�D�G���Q�R���H�I�I�H�F�W�����)�L�J����������, Table 3.1 c). This time effect was due to higher 

�D�Y�H�U�D�J�H�� �Y�D�O�X�H�V�� �F�D�O�F�X�O�D�W�H�G�� �D�W�� �7������ �Z�L�W�K�� �D�� �G�H�F�U�H�D�V�H�� �L�Q�� �µdistance�¶�� ���F�P���� �D�V�� �W�K�H��

�H�[�S�H�U�L�P�H�Q�W���S�U�R�J�U�H�V�V�H�G�������µdistance�¶�����F�P�����D�W���7����� �����������������“�������������������7����� �����������������“��

0.00352; T10 = 0.0128 ± 0.00264; T14 = 0.0146 ± 0.00265; values are means ± 

95 % CI). However, caution should be taken when interpreting these results, 

with reasons highlighted in the discussion section.   
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Figure 3.3. �7�K�H���D�Y�H�U�D�J�H���µdistance�¶�����F�P�����D���V�L�P�X�O�D�W�H�G���W�U�D�F�H�U���S�D�U�W�L�F�O�H���W�U�D�Y�H�O�V���Z�L�W�K�L�Q��

one-time step, against brittlestar density at time points T0, T6, T10 and T14. 

Data expressed as means for each aquaria, ± 95 % confidence intervals based 

�R�Q���������P�R�G�H�O���L�W�H�U�D�W�L�R�Q�V�����” = normoxia, �|��= hypoxia. 

 

3.4.2. Nutrients  

3.4.2.1. Header tank effects 

Analyses of nutrient measurements from the header tanks revealed that there 

were significant differences in nitrate and phosphate concentrations between 

the normoxic and hypoxic header tanks, despite the tanks receiving seawater 

from the same source (Table 3.2). Consequently, header tank nitrate and 

phosphate data were examined in more detail.  
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Table 3.2. Mann-Whitney U rank sum test on header tank nutrient 

concentrations (µM). N = 54; t-value (t); Mann-Whitney U statistic (MWU); 

probability value (p). * Significant p-values (to 95 % significance level) 

Source t MWU p 

Nitrite 3037.00 1203.00 0.204 

Nitrate 3510.00 730.00 <0.001* 

Ammonia 2599.00 1324.00 0.868 

Silicate 2837.00 1406.50 0.881 

Phosphate 1448.00 70.00 <0.001* 

 

3.4.2.2. Header tank nitrate 

The differences in nitrate concentrations between the two header tanks started 

at T10 and increased with experimental time, with the largest differences 

occurring at T14. Nitrate concentration within the normoxic header tank at T10 

was 6.46 µM (± 0.080) and the corresponding hypoxic nitrate concentration was 

5.91 µM (± 0.059), a decrease of 8.5 % (Mann-Whitney U statistic = 1.00, t = 

494.00, n = 18, p = < 0.001). At T14 nitrate concentration within the normoxic 

header tank had increased to 7.14 µM (± 0.12), whilst nitrate concentrations in 

the hypoxic header was 4.71 µM (± 0.24), a decrease of 34.0 % compared to 

the normoxic tank (Mann-Whitney U statistic = 0.00, t = 153.00, n = 18.00, p = < 

0.001).  

 

3.4.2.3. Header tank phosphate 

Phosphate concentrations between the normoxic and hypoxic header tanks 

remained closely matched until T14. At T14, phosphate concentration in the 

normoxic header tank was 0.27 µM (± 0.015), whilst concentrations in the 
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hypoxic header tank were significantly lower at 0.17 µM (± 0.032), a decrease of 

37.0 % (Mann-Whitney U statistic = 35.00, t = 460.00, n = 18, p = <0.001).  

 

3.4.2.4. NOx fluxes in experimental aquaria  

To investigate the effects of hypoxia, brittlestar density and time within the 

experimental aquaria, combined nitrate and nitrite measurements (hereafter 

known as NOx) were examined. During the experiment NOx predominantly 

fluxed into the sediment in both the normoxic and hypoxic aquaria (Fig. 3.4 a - 

�F������ �$�Q�D�O�\�V�H�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶���� �µ�E�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶�� �D�Q�G��

�µ�H�[�S�H�U�L�P�H�Q�W�D�O���W�L�P�H�¶���K�D�G���Q�R���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W�V���R�Q���1�2x flux, however there was a 

�V�L�J�Q�L�I�L�F�D�Q�W�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�I�I�H�F�W�� �E�H�W�Z�H�H�Q�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶�� �D�Q�G�� �µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶��

(Table 3.3 a). This is due to the slight increase in NOx flux into the sediment 

within the normoxic aquaria after 14 d experimental exposure (Fig. 3.4 c).  

 

3.4.2.5. Ammonium fluxes in experimental aquaria  

In aquaria containing no brittlestars there were minimal amounts of ammonium 

fluxing into or out of the sediment but ammonium consistently fluxed out of the 

sediment in aquaria that contained brittlestars, irrespective of water treatment 

(Fig. 3.4 d - �I������ �$�Q�D�O�\�V�H�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶���� �µ�E�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶����

�µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶�� �D�Q�G�� �W�K�H�L�U�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �G�L�G�� �Q�R�W�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �D�I�I�H�F�W�� �D�P�P�R�Q�L�X�P��

flux (Table 3.3 b).  However, Figure 3.4 (f) shows that ammonium efflux at T14 

has increased in the aquaria exposed to hypoxic seawater that contain 

brittlestar densities of 13, 17 and 21 indiv. per aquaria. A subsequent GLM 

ANOVA was conducted on T14 ammonium flux data from the high brittlestar 

density treatments (13, 17 and 21 indiv. per aquaria). Results revealed that at 

T14, within the high brittlestar density treatments, ammonium efflux was 
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significantly greater within the hypoxic aquaria compared to the normoxic 

aquaria (Fig. 3.4 f, Table 3.3 c). 

 

Figure 3.4. NOx flux (µmol m-2 h-1) (a - c); ammonium (NH4
+) flux (µmol m-2 h-1) 

(d �± f); and NH4
+ : NOx ratios (g �± i),  in experimental aquaria at time points T6, 

T10 and T14. Data for NOx and ammonium fluxes are means ± 95 % 

confidence intervals, NH4
+: NOx ratio data calculated from mean concentrations. 

For NOx and ammonium flux, positive results represent nutrient influx, whilst 

�Q�H�J�D�W�L�Y�H���U�H�V�X�O�W�V���U�H�S�U�H�V�H�Q�W���Q�X�W�U�L�H�Q�W���H�I�I�O�X�[�����”��� ���Q�R�U�P�R�[�L�D�����|��= hypoxia. 
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Table 3.3. General linear model ANOVA for NOx flux (a); ammonium (NH4
+) flux 

(complete data set) (b); ammonium flux at T14 within the high brittlestar density 

treatments (13, 17, and 21 indiv. per aquaria) (c); NH4
+ : NOx ratios (d); 

phosphate (PO4
3-) flux (e); silicate (SiO4

4-) flux (complete data set) (f); and 

silicate flux at T14 within the high brittlestar density treatments (13, 17, and 21 

indiv. per aquaria) (g). Degrees of freedom (DF); sum of squares (SS); mean 

squares (MS); F-value (F); probability value (p). *Significant p-values (to 95 % 

significance level) 

Source of variation DF SS MS F p 

(a) NOx flux      

Water treatment 1 640.30 640.30 1.00 0.329 

Density 5 8160.30 1632.10 2.55 0.061 

Time 2 2956.30 1478.10 2.31 0.125 

Water treatment * Density 5 3617.20 723.40 1.13 0.377 

Water treatment * Time 2 10386.10 5193.10 8.11 0.003* 

Residual 20 12805.90 640.30   

Total 35 38566.10    

      

(b) Ammonium flux  

Water treatment 1 0.12 0.12 0.23 0.640 

Density 5 3.16 0.63 1.14 0.372 

Time 2 0.15 0.07 0.13 0.875 

Water treatment * Density 5 2.53 0.51 0.92 0.490 

Water treatment * Time 2 0.82 0.41 0.74 0.489 

Residual 19 10.49 0.55   

Total 34 17.16    

 

(c) Ammonium flux (T14, high density treatments)  

Water treatment 1 58240.00 58240.00 9.18 0.009* 

Density 2 14844.00 7422.00 1.17 0.339 

Residual 14 88774.00 6341.00   

Total 17 161859.00    
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Table 3.3. Continued      

Source of variation DF SS MS F p 

(d) NH4
+

 : NOx ratios 

Water treatment 1 0.06 0.06 5.97 0.024* 

Density 5 0.39 0.08 7.53 <0.001* 

Time 2 0.08 0.04 3.87 0.039* 

Water treatment * Density 5 0.02 0.00 0.38 0.859 

Water treatment * Time 2 0.04 0.02 1.87 0.182 

Residual 19 0.20 0.01   

Total 34 0.80    

      

(e) Phosphate flux       

Water treatment 1 16.75 16.75 0.73 0.402 

Density 5 74.66 14.93 0.65 0.663 

Time 2 39.76 19.88 0.87 0.434 

Water treatment * Density 5 50.79 10.16 0.44 0.812 

Water treatment * Time 2 0.13 0.06 0.00 0.997 

Residual 20 457.30 22.87   

Total 35 639.40    

      

(f) Silicate flux      

Water treatment 1 427.60 427.60 0.61 0.445 

Density 5 17675.20 3535.00 5.02 0.004* 

Time 2 3106.10 1553.00 2.21 0.136 

Water treatment * Density 5 1288.40 257.70 0.37 0.866 

Water treatment * Time 2 10017.10 5008.60 7.11 0.005* 

Residual 20 14082.80 704.10   

Total 35 46597.10    

 

(g) Silicate flux (T14, high density treatments) 

Water treatment 1 41393.90 413 93.90 17.30 0.001* 

Density 2 146.80 73.40 0.03 0.970 

Residual 14 33507.40 2393.40   

Total 17 75048.10    
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3.4.2.6. Ratios of NH4
+ : NOx  

Concentrations (µM) of ammonium (NH4
+) and NOx in the experimental aquaria 

have been presented as ratios [NH4
+ : NOx] with the aim of emphasising 

sedimentary processes such as nitrification and denitrification, that may drive 

changes in nutrient concentrations (Fig. 3.4 g - i). Analyses revealed that �µ�Z�D�W�H�U��

�W�U�H�D�W�P�H�Q�W�¶�����µ�E�U�L�W�W�O�H�V�W�D�U���G�H�Q�V�L�W�\�¶���D�Q�G���µ�H�[�S�H�U�L�P�H�Q�W�D�O���W�L�P�H�¶���K�D�G���D���V�L�J�Q�L�I�L�F�D�Q�W���H�I�I�H�F�W���R�Q��

the NH4
+ : NOx ratios, with the normoxic aquaria displaying lower NH4

+ : NOx 

ratios compared to the hypoxic aquaria, with differences increasing over the 

experimental time period (Table 3.3 d). At T6, normoxic NH4
+ : NOx ratios were 

an average of 6.07 % lower than the hypoxic aquaria ratios. At T10, this 

difference increased to 32.38 % and at T14, the normoxic NH4
+ : NOx ratios 

were an average of 51.35 % lower than the hypoxic aquaria. At T6 and T10, 

NH4
+ : NOx ratios increase steadily with brittlestar density (Fig. 3.4 g, h). At T14, 

the normoxic NH4
+ : NOx ratios peak at brittlestar density 9, and slightly 

decrease and plateau at the higher brittlestar density treatments (Fig. 3.4 i). 

Within the hypoxic treatment at T14, NH4
+ : NOx ratios remain similar to 

normoxic levels but only in the low density treatments (0 �± 9 indiv. per aquaria). 

In the high density treatments (13 �± 21 indiv. per aquaria) NH4
+ : NOx ratios 

increase (Fig. 3.4 �L������ �7�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶�� �D�Q�G�� �µ�E�U�L�W�W�O�H�V�W�D�U��

�G�H�Q�V�L�W�\�¶�� �D�Q�G�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶�� �D�Q�G�� �µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶�� �K�D�G�� �Q�R�� �V�L�J�Q�L�I�L�F�D�Q�W�� �H�I�I�H�F�W��

on NH4
+ : NOx ratio data (Table 3.3 d).  

 

3.4.2.7. Phosphate flux 

Phosphate (PO4
3-) primarily fluxed into the sediment throughout the 

experimental period, but there was variability within the results with some data 

points indicating phosphate efflux (Fig. 3.5 a - c). Analyses revealed no 
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significant effects of any experimental parameter on phosphate flux data (Table 

3.3 e).  

 

3.4.2.8. Silicate flux 

At T6, silicate (SiO4
4-) consistently fluxed out of the sediment in brittlestar 

density treatments of nine indiv. per aquaria or above, irrespective of water 

treatment.  After T6, variability in the silicate flux results increases, resulting in 

some data points representing silicate efflux and others representing silicate 

influx (Fig. 3.5 d - �I������ �µ�%�U�L�W�W�O�H�V�W�D�U�� �G�H�Q�V�L�W�\�¶�� �V�Lgnificantly affected silicate flux, with 

the higher density treatments increasing the efflux of silicate out of the 

�V�H�G�L�P�H�Q�W���� �7�K�H�U�H�� �Z�D�V�� �D�O�V�R�� �D�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �H�I�I�H�F�W�� �E�H�W�Z�H�H�Q�� �µ�Z�D�W�H�U�� �W�U�H�D�W�P�H�Q�W�¶�� �D�Q�G��

�µ�H�[�S�H�U�L�P�H�Q�W�D�O�� �W�L�P�H�¶���� �Z�K�H�U�H�E�\���� �V�L�P�L�O�D�U�O�\�� �W�R�� �D�P�P�R�Q�L�X�P���� �V�L�O�L�F�D�W�H�� �Hfflux within 

hypoxia at T14, in the high brittlestar density treatments increased (Table 3.4 f). 

Further analyses focusing on silicate flux at T14 within the high brittlestar 

treatments (13, 17, and 21 indiv. per aquaria), revealed that silicate efflux was 

significantly greater in aquaria exposed to hypoxia compared to the 

corresponding normoxic treatment (Fig. 3.5 f, Table 3.3 g).  
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Figure 3.5. Phosphate (PO4
3-) flux (µmol m-2 h-1) (a �± c); and Silicate (SiO4

4-) 

flux (µmol m-2 h-1) (d �± f), in experimental aquaria at time points T6, T10 and 

T14. Data are means ± 95 % confidence intervals. Positive results represent 

�Q�X�W�U�L�H�Q�W���L�Q�I�O�X�[�����Z�K�L�O�V�W���Q�H�J�D�W�L�Y�H���U�H�V�X�O�W�V���U�H�S�U�H�V�H�Q�W���Q�X�W�U�L�H�Q�W���H�I�I�O�X�[�����”��� ���Q�R�U�P�R�[�L�D�����|��

= hypoxia. 
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3.5. DISCUSSION 

Exposure of Amphiura filiformis to moderate hypoxia for 14 days resulted in 

reduced brittlestar activity (in terms of sediment surface bioturbation), increased 

ammonium (NH4
+) and silicate (SiO4

4-) fluxes and a disruption to NH4+: NOx 

ratios when brittlestar densities were high (1300, 1700, and 2100 indiv. m-2). It 

is possible that the impact of moderate hypoxia on A. filiformis was so small, it 

only became measurable at high densities, or there was an interaction between 

high density aggregations and low dissolved O2 that exacerbated the effects of 

hypoxia, or both. It is difficult to identify which scenario initiated the observed 

alterations in A. filiformis function, but these changes in brittlestar activity and 

behaviour may represent a vulnerability of this species that has not been 

captured before.  

 

Chapter 2 and Calder-Potts et al. (2015) document that hypoxia (> 14 d) caused 

reduced respiration rates and hindered female oocyte growth and development, 

but brittlestar density had no effect on the physiological parameters measured. 

It was concluded that during hypoxia, Amphiura filiformis may strategically 

allocate its energy into locomotory arm movements to increase burrow irrigation 

rates and prevent the build-up of toxins. This conclusion supports the results 

presented here, with brittlestars in the high density and long incubation 

treatments potentially increasing burrow irrigation rates, explaining in part, the 

rise in ammonium and silicate efflux and alterations in sediment surface 

bioturbation patterns.  
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3.5.1. Bioturbation of Amphiura filiformis  under normoxic conditions  

Under normoxic conditions, the percentage of sediment surface reworked (% 

SSR) increased with brittlestar density. Within the normoxic treatment, this 

relationship between brittlestar density and % SSR appears robust, where at 

the highest brittlestar density, the highest % SSR was detected, and at the 

lowest brittlestar density, the lowest % SSR was detected. In normoxic 

conditions, brittlestars appeared to continue with routine burrow maintenance, 

with visible excavated mounds, feeding arms protruding, and all individuals 

buried within the sediment. Therefore, it is reasonable to assume that each 

individual (which were similar in size) may have equally contributed to surface 

sediment bioturbation activities, producing the observed relationship with 

density. Previous measurements of % SSR by Amphiura filiformis from the 

same location, measured at natural field densities, (214.28 indiv. per m-2) 

ranged between 1 �± 27 % (Queir—s et al. 2015). This is comparable to the % 

SSR measurements for our lowest experimental densities of 500 �± 1300 indiv. 

m-2, with a mean of 5 - 27 % SSR respectively. However, due to higher 

brittlestar densities, these current results represent less sediment surface 

mixing per individual. Furthermore, experimental time significantly affected the 

% SSR, with decreased surface mixing, in both water treatments, as the 

experiment progressed. Although a five day settling period was allocated to 

allow for burrow creation and acclimation, bioturbation activities may have 

initially been higher at the start of the experiment if acclimation to experimental 

conditions took longer than five days. This conclusion is supported by the study 

reported in Chapter 2, where it was suggested that brittlestars kept within 

normoxic seawater increased their oxygen uptake rates over the 14 day period 

as a result of acclimation to experimental conditions. In the context of oxygen 
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uptake rates, exposure to hypoxia hindered this acclimation process. The effect 

of experimental time and reduced surface bioturbation rates per individual 

compared to previous measurements may be due to natural variability, 

differences in experimental set-ups, i.e. feeding regime, and adjustment to the 

different density treatments used in this experiment, which were higher than 

natural field densities.  

 

In laboratory experiments it has previously been observed that once Amphiura 

filiformis buries itself, it can remain within the burrow cavity for weeks or even 

months, if conditions are favourable (Woodley 1975). Other experiments have 

shown that A. filiformis can exhibit density-dependent migration, moving within 

and on the sediment to less populated areas, given the space to do so 

(Rosenberg et al. 1997). It has also been described from observations in a 

natural population that A. filiformis disc chamber placement can occur in 

alternating patterns of 1 shallow, 1 deep ranging from depths of 2.0 cm to 6.5 

cm deep (O'Reilly et al. 2006). Clearly it is difficult to pinpoint the exact effects 

of being confined within experimental aquaria, but it is likely that experimental 

procedures limit migratory movements within the sediment and may affect 

optimal dispersal patterns. However, despite this, it would be expected that 

bioturbation activities for burrow maintenance and feeding activities would be 

maintained. During this experiment, food supply was not limited, water velocity 

within aquaria was low, and brittlestars were contained within a confined space. 

Therefore, it is also plausible that maximum luminophore depths remained 

constant because brittlestars remained within their original burrow structures 

throughout the experiment, sensing conspecifics nearby, reducing migratory 

movements within, but not necessarily on the sediment. 
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3.5.2. Bioturbation of Amphiura filiformis  under hypoxic conditions  

When exposed to hypoxia, the relationship between % SSR and brittlestar 

density appears to be less predictable compared to the reworking rates in the 

normoxic aquaria. After six days exposure, the highest rates of % SSR did not 

occur within the highest brittlestar density treatment and after ten days of 

hypoxic exposure the highest rates of % SSR were observed in aquaria 

containing the second lowest density treatment (900 indiv. m-2). Within the 

highest brittlestar density treatments, after the longest incubation, % SSR was 

38.06 % less in the hypoxic treatment compared to the equivalent density in 

normoxic conditions.  

 

Within the hypoxic treatment, brittlestars did remain buried within the sediment 

for the majority of the experiment, but occasionally sightings of individuals on 

the sediment surface were observed. Although the experiment was not 

monitored during darkness hours, it is possible that brittlestars within the 

hypoxic treatment left their burrows and spent time on the sediment surface in 

search of more favourable conditions, as has been observed in other fauna 

experiencing hypoxia (Sturdivant et al. 2012). This possible exploration at the 

sediment surface, in addition to increased bioirrigation rates may have moved 

and mixed the sediment in a different way to brittlestars within the normoxic 

treatment. This small shift in behaviour from routine burrow maintenance, as 

observed in the normoxic aquaria, to potentially, extended periods of burrow 

irrigation and surface exploration due to hypoxic exposure, may represent the 

�L�Q�L�W�L�D�O�� �µ�I�L�Q�H-�V�F�D�O�H�¶�� �H�I�I�H�F�W�V�� �R�I�� �K�\�S�R�[�L�D�� �R�Q�� �E�L�R�W�X�U�E�D�W�L�R�Q�� �D�F�W�L�Y�L�W�\�� �D�Q�G�� �F�R�X�O�G�� �E�H�� �D��

possible explanation for the differences in surface sediment bioturbation 

patterns. These subtle behavioural changes may eventually affect the 
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persistence of Amphiur�D�� �I�L�O�L�I�R�U�P�L�V�¶ bioturbation traces and ultimately its 

ecological performance. 

 

There was no evidence to suggest that moderate hypoxia affected the burrow 

depths of Amphiura filiformis. If brittlestar (or disc chamber) placement did move 

closer to the sediment surface during hypoxic exposure, this was not detected 

with the luminophore imaging techniques used here, most likely as a result of 

some tracer particles being left in the deeper sediment where the original 

burrow structures were formed prior to experimentation. Sturdivant et al. (2012) 

found that during in situ experiments within the Rappahannock River, Virginia, 

severe hypoxia as low as 0.1 mg L-1 reduced burrow length, burrow production 

and burrow depth of macrofaunal communities. Although some brittlestars were 

occasionally spotted on the sediment surface for brief periods of time, it is 

possible that the hypoxic treatment level used here was not severe enough to 

reduce burrow depths.  

 

Results from the process-based bioturbation model are discussed in greater 

�G�H�W�D�L�O���Z�L�W�K�L�Q���W�K�H���V�H�F�W�L�R�Q���µ�H�[�S�H�U�L�P�H�Q�W�D�O���O�L�P�L�W�D�W�L�R�Q�V�¶�� 

 

3.5.3. Cycling of NO x and NH4
+ during normoxia  

The majority of recycled N released from the sediments to the overlying water is 

in the form of ammonium (NH4
+), which is generally regenerated from the 

decomposition and deamination of organic matter, and then passes from the 

sediments to the overlying water via diffusion or advection (bio-irrigation), where 

it can be assimilated by phytoplankton (Kemp et al. 1990). Before it escapes the 

sediments and when oxygen is present, a portion of this ammonium is oxidised 


































































































































































































































































































































