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Sediment samples were collected along a transect from 19°22'N, 58°16'E to 19°00'N, 
59°00'E down the continental slope on the Oman Margin of the Arabian Sea through 
an Oxygen Minimum Zone (OMZ) as part of the 'Arabesque' project Four locations 
from this transect were examined. Two were from within the OMZ, one was from the 
boundary of the OMZ and one was from deeper water which was unaffected by low 
oxygen concentrations. The nematodes from each replicate were examined to 
investigate changes in nematode biodiversity. The indicators used to assess 
biodiversity were abundance, taxonomic diversity, community structure, size and 
shape of individuals and frmctional morphology. The 'Arabesque' sites were 
compared to other locations from around the world, primarily in the deep sea, that had 
been sampled for nematodes. 
Nematode abundance was unaffected by oxygen concentration, but was most 

significantly correlated with food quality, measured as the Hydrogen Index. The 
OMZ did, however, reduce taxonomic diversity. Whilst the commxmities within the 
OMZ were more similar to each other than they were to communities outside the 
OMZ, it is unclear whether oxygen or depth was the confrolling factor. Nematode 
communities from the OMZ were similar to other nematode communities at 
comparable depths at the generic level, but not at the family level. 
Nematode shape was primarily controlled by depth, with increased depth being 

associated with communities composed of more slender animals. This change in 
shape was attributed to a change in food with depth, with sediment content also 
potentially having an influence. On a local scale, animals were more slender in 
reduced oxygen environments to increase epidermal oxygen uptake. 

A potential new monitoring technique was discovered as nematodes found in 
'disturbed' environments exhibited a reduced range of body morphologies relative to 
those from 'undisturbed' environments. If the reduction in range is a genetic response 
it has potential implications regarding the loss of genetic material which may not be 
apparent from current ecological techniques. An increase in food in the deep sea was 
associated with a decrease in mean body size of nematodes as a consequence of 
movement towards a lifestyle associated with r-selection. 

Two forms of biodiversity of nematodes were measured in this project, ecological 
biodiversity and morphological biodiversity. Results showed that the different 
measures respond differently. Therefore, when describing biodiversity of marine 
systems it is necessary to explain what is exactly being measured by the term, as 
different measures will give different responses to environmental variables. 
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Chapter 1 Introduction 

1.1 What is 'Biodiversity'? 

The term 'biodiversity' has become a fashionable word in recent years and is often 

used imprecisely. Biodiversity is a contraction of the term 'biological diversity' and 

the contraction appears to have been first used by Rosen in 1985 as part of the title for 

a scientific meeting (Lambshead, in press.). The original term was used as a 

combination of ecological diversity and genetic diversity. Diversity is a measure of 

difference, meaning that biological diversity, hence biodiversity, is a measure of 

biological difference. This is still often considered just to refer to the species 

composition of biological communities. In this study, biodiversity refers not only to 

species composition but also to functional groups, biomass and morphometries. 

When considering biodiversity, the taxonomic, temporal and spatial scales are all 

important. Most biologists concern themselves with the species level on the 

taxonomic scale and this is generally considered correct, as higher taxonomic levels 

are often artificial (Lambshead, in press.). In this study, higher taxonomic levels will 

be investigated because, although possibly artificial, they are taxa containing species 

with similar characteristics that may be selected for under specific conditions and so 

may give useful information. Higher levels will also be used when comparing 

between studies as multivariate analysis of communities using unnamed operational 

taxonomic units of different researchers is not meaningful. With recent advances in 

molecular techmques, sub-specific genetic diversity is also becoming significant 

(Lambshead, in press.), particularly for metapopulation studies. Temporal scale is 

important, as an area may show low diversity at a particular period in time but may 

have a high species turnover resulting in a high diversity when integrated over a 

longer period. An example of this is the localised diversity of estuaries. Spatial scale 

is important, as different areas will exhibit varying diversity depending on the scale 

examined. For example, a square metre of European grassland is more diverse than a 

square metre of tropical rainforest, but the situation is reversed if a square kilometre is 

examined (Groombridge, 1992). Therefore, an area that may have low diversity on a 

small scale may make an important contribution to increasing global diversity. This 
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means that localised low diversity is not necessarily an undesirable situation. High 

global diversity is desirable for three reasons: 

1. High diversity is often considered aesthetically pleasing. 

2. It is often felt that low diversity is a 'bad' situation that may lead to 

ecosystem collapse. However, it is unclear as to whether or not this is 

true. 

3. Global diversity is potentially a financial resource through tourism and the 

supply of potentially useful natural chemicals. This is important as we do 

not yet know all species which are a financial resource. 

In its original form biodiversity was used to mean species diversity but before any 

meaning could be applied to the results it was necessary to understand the underlying 

principles to ecology to understand what different levels of diversity meant. 

1.1.1 Ecological Theory 

There are two main approaches to benthic community ecology, 

1. The competitive equilibrium theory; 

2. The non-equilibrium theory. 

1.1.1.1 Equilibrium Theory 

For approximately the last seventy years the competitive equilibrium theory has 

dominated ecological thinking and relies on the 'balance of nature'. It is based on the 

premise that in an undisturbed community, resources will control the ecosystem with 

species having to compete for them. Any short-term increase (birth/immigration) in 

species will be countered by a short-term decrease (death/emigration) to compensate, 

resulting in long term stability of the community. Essentially, communities fluctuate 

about a stable equilibrium point In the marine environment, the competitive 

equilibrium theory is expressed by the 'Stability Time Hypothesis' of Sanders (1968). 
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It was this hypothesis that was used to explain the high diversity of the deep sea 

where resources are limiting (Gray, 1985). The stability-time hypothesis states that, 

in an undisturbed community, species will adapt to specialise into specific niches so 

that competition is reduced and more species can co-exist resulting in increased 

diversity. However, in a disturbed community species do not have time to evolve into 

separate niches and so compete for the same resources, resulting in decreased species 

diversity. Piatt and Lambshead (1985) defined disturbance as 'V/ze process which 

occurs when any physical or biological agent acts to reduce population size, either by 

a direct biocidal action or by some indirect effect on population growth rates". It is 

this definition that is adopted here. Only non-selective disturbance is considered as 

selective disturbance will be situation specific and as such will be unpredictable by 

any general theory (Piatt and Lambshead, 1985). The relationship between 

disturbance and species diversity, as defined by the equilibrium paradigm, is simple 

and straightforward and is shown in Figure 1.1. 

Disturbance 

Figure 1.1 A graph showing the relationship between species diversity and 
disturbance according to the equilibrium theory. 

As communities exist around an equilibrium point, the communities can be described 

as consisting of V or 'AT species. V species are those that exist in a disturbed 

community and 'AT' species are those which exist in an undisturbed community. 

Therefore, the K/r ratio should give some indication of the level of disturbance. 

However, the classification of organisms into V or 'iT species is not easy. 
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The equilibrium theory assumes that the environments being investigated are resource 

Imuted, but this is often not the case. It is usually the case in the deep-sea, but on 

local scales it may not be as a consequence of the organics contained in phytodetrital 

falls and other organic inputs. Also, it has been discovered that moderately disturbed 

communities tend to have higher species diversity than undisturbed communities. 

Sanders' (1968) theory was disputed by Dayton and Hessler in 1972, who suggest that 

deep sea diversity was high because of the high number of 'croppers' (predators) 

keeping population levels below a certain level to minimise competition. Grassle and 

Sanders (1973) have since disputed the theory of Dayton and Hessler (1972). The 

ideas of Sanders (1968) and those of Dayton and Hessler (1972) are mutually 

exclusive, as one relies on competition controlling the high diversity of the deep sea 

and the other on predation (Gray, 1985). 

1.1.1.2 Non-Equilibrium Theory 

Non-equilibrium theory relies on the assumption that competition can exclude 

species, reducing species diversity. Non-equilibrium theory states that increasing 

disturbance to a certain extent will reduce competition, both intra- and inter-

specifically (Gray, 1985), and as a result will increase diversity. If disturbance 

increases beyond a certain level it will be too extreme for some organisms causing 

species to be excluded from the environment, reducing diversity. The graph showing 

the effect of disturbance on species diversity according to the non-equilibrium theory 

is shown in Figure 1.2. An undisturbed community would have a low diversity as a 

result of competitive exclusion. Increasing disturbance lowers competition causing an 

increase in diversity. However, further increases in disturbance result in lowered 

diversity because of catastrophic effects on some species. Frequency of disturbance is 

also important because if the environment is stable for long periods of time successful 

orgamsms will out-compete less successful species reducing species diversity. 

Alternatively, disturbance may occur very frequently, not allowing slow growing 

species to recover and they are eliminated, reducing species diversity. Maximum 

diversity will occur at some intermediate frequency of disturbance. This causes 

serious problems when trying to quantify disturbance using species diversity as any 

given species diversity can be a result of two, or more, different levels of disturbance 
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(Piatt and Lambshead, 1985). There is a great deal of field evidence to now support 

this theory in preference to the equilibrium theory. 
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Disturbance 

Figure 1.2 A graph showing the relationship between species diversity and 
disturbance according to the non-equilibrium theory. 

It has also been suggested that small-scale disturbance may increase species diversity 

on a larger scale, as a result of the formation of patches of different communities 

(Grassle and Morse-Porteous, 1987). 

Chaos may also play a part in the determination of species diversity, but it is 

unpredictable and the evidence to support this is limited (Lambshead, 1990). 

The processes that structure communities are not completely understood and it is 

possible that it is a combination of theories that may be accurate, with different 

theories being relevant in different communities. However, all of these methods 

require diversity indices to measure the level of disturbance and in the last few years 

these have come under question and are only useful if the biological ideas 

undermining them are fully understood (Gray, 1985). Therefore, care must be taken 

when deciding what organisms are to be used for monitoring. 
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1.2 Nematodes 

Meiofaunal organisms have been known to exist since the early days of microscopy 

but it was not until 1942 that M.F. Mare used the phrase 'meiofaima' to describe the 

"mobile or hapto-sessile benthic fauna separated from the macrofauna by their siz^" 

(Giere, 1993). 'Meio' comes from the Greek meaning 'smaller' and refers to 

the meiofauna being smaller than the macrofauna The meiofauna are those animals 

that pass through a sieve mesh size of 500|im but are retained by a 63pm mesh. 

However, recent work has suggested that because of the smaller size of animals in the 

deep-sea, 45pm, or even 32pm, may be a better lower size limit, so that the smaller 

animals are not lost (Mitchell, pers. com.'). It would seem that what was originally a 

purely mechanistic classification can now considered to be an ecological 

classification, as meiobenthic species tend to share unique ecological characteristics 

that separate them from the macrofauna (Warwick, 1989). This is important, as 

polychaetes are considered macrofauna but in the deep sea many are in the 

meiofaunal size class. 

According to Giere (1993) the advantages of the use of meiofauna for the monitoring 

of marine disturbance are; 

1.) Meiofauna occur in high numbers even in supposedly 'poor' biotopes such as 

estuaries or an oxygen minimum zone. 

2.) Even when macrofauna data is rare, for example in 'poor' biotopes, 

meiofaunal communities are usually highly diverse allowing community 

changes to be used to quantify disturbance. 

3.) Meiofauna still occur in eutrophic areas where hypoxia and the accumulation 

of hydrogen sulphide tend to exclude macrofauna. 

4.) Meiobenthic organisms usually lack a planktonic phase, resulting in the 

organisms being able to indicate local conditions without the masking effect of 

migration. 

5.) Meiofauna tend to have short life cycles and regenerate quickly, so responses 

can be seen rapidly. 
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6.) Meiofauna are not affected by mechanical disturbance of the sediment, unlike 

macrofauna, so physical effects do not mask chemical effects. 

7.) Sampling is usually easy and cheap with only small samples being required. 

However, there are disadvantages attached to the use of meiofauna. Giere (1993) lists 

these as: 

1.) The small size of the organisms. This is important for two reasons: 

a) The general public tend to associate the size of an organism with its 

importance and as such meiobenthic organisms are not generally 

considered important to the layman. 

b) The small size leads to identification problems. 

2.) Meiofaunal communities exhibit a high degree of spatial and temporal 

heterogeneity, meaning that a large number of samples are required for 

accurate analysis. 

On balance, meiofauna are well suited to deep-sea environmental studies. 

Mclntyre (1969) sub-divided the meiofauna iato temporary and permanent meiofauna. 

He considered permanent meiofauna to be those animals that are always within the 

meiofaunal size class and temporary meiofauna to be animals which, when they first 

settle as larvae, would be considered meiofauna on the size classification but will 

soon grow out of this size range (e.g. polychaetes). This was not a problem in this 

study as the nematode taxocene was examined rather than a specific size class. 

Nematodes are the most abundant metazoan taxon in deep-sea sediments becoming 

proportionately more important with increasing depth (Carmen et al, 1987). In 

typical meiofaunal samples nematodes dominate, accounting for 90-95% of the 

individuals and 50-90% of the biomass (Giere, 1993). It would therefore seem that 

nematodes are ideal for environmental monitoring in the deep sea. 

The phylum Nematoda consists of small multicellular vermiform organisms and, 

because of a wide range of adaptations, exists in almost every environment known to 
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man which supports life (Giere, 1993; Piatt and Warwick, 1983). Even though their 

biomass is a great deal lower than the macrofauna, nematodes can often equal, if not 

exceed, the productivity of the larger orgainisms, because of the high abundance of 

nematodes and their high metabolic rate (Piatt and Warwick, 1983). 

As nematode identification is difficult, they are not a well-investigated group of 

organisms. Piatt and Warwick (1988) have tried to put the idea that all nematodes 

look the same to rest by publishing identification keys noting "contrary to popular 

opinion, marine nematodes do not 'all look the same' and it is time that this myth 

was finally put to restIn their keys, Piatt and Warwick (1988) showed that it is the 

large number of species and their small size that makes classification difficult, not a 

lack of diagnosable features (Giere, 1993). There are currently approximately 4000 

described marine nematode species (Warwick et al, 1998). With an estimated 

number of marine nematode species of 10̂ -10̂  (Lambshead, in press.) there are still 

uncertainties about species classifications as many species have yet to be described. 

Most free-living nematodes are meiobenthic in size and are well adapted to life in 

sands and muds because of the large length to width ratio of their bodies (Giere, 

1993). Most nematodes are restricted to the uppermost few centimetres of the 

sediment although they have been found down to a depth of Im on exposed beaches. 

The decrease in abundance with sediment depth is most noticeable in muds. The 

importance of nematodes is best defined by Heip et al (1985) who stated that 

"... free-living nematodes are ecologically the most important taxon of marine 

sediments... 

1.2.1 Nematodes and Low Oxygen 

Metazoan meiofauna tend to be more tolerant than macrofauna to anoxia (Giere, 

1993) and nematodes are more tolerant than other meiofaunal taxa (Giere, 1993; 

Moodley et al., 1997; Levin et al, 1991). Jensen (1987) investigated low oxygen 

conditions in sandy sediments at shallow depths and found that nematode abundance 

was unaffected by oxygen concentration. Similarly, nematodes were unaffected by 
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severe seasonal hypoxia on the Louisiana shelf in the Gulf of Mexico (Murrell and 

Fleeger, 1989). 

Levin et al. (1991) found no evidence that low oxygen (0.09 to 2.6 ml/1) affected 

nematode abundance at a site in the eastern Pacific Ocean and suggested that food 

supply, or biological interactions between the larger organisms and meiofauna, might 

be more important. Lambshead a/. (1994) found low nematode abundance in the 

San Diego Trough where oxygen concentrations were also low, in the region of 15-60 

îmol/1 (compared to 6 pmol/1 to 23 iimol/l for the "Arabesque" low oxygen stations). 

They concluded that the low abundance was caused not by low oxygen but by high 

abundance of larger metazoans, notably ophiuroids. Neither study was specifically 

concerned with the effect of low oxygen concentrations on nematode diversity. Care 

will need to be taken when examining the effect of oxygen on diversity as the species 

present at the four sites may also vary because of the varying quantity and quality of 

food that is received at each site. The effect of food availability on the species 

composition could be investigated by examining the buccal cavities of the different 

species to determine trophic groups. 

Jensen (1986) has shown that nematodes tend to have a larger surface area to volume 

ratio in the sulphide-rich brine seep in the East Flower Garden in the North West of 

the Gulf of Mexico. However, Jensen worked with sandy sediments and the same 

adaptations may not be shown in muddy sediments such as those at the site being 

investigated in this project Body shape may also be affected by sediment conditions 

as shape will affect movement through the sediment. 

1.3 Oxygen Minimum Zones (OMZs) 

Oxygen minimum zones (OMZ's) are defined as areas with oxygen concentrations 

below 0.5ml 1'̂  and occur in a number of regions including the Arabian Sea, the Bay 

of Bengal, the eastern Pacific and off southwestern Africa beneath the Benguela 

current (Figure 1.3). These areas were examined by Kamykowski and Zentara 

(1990). When oxygen concentrations are lower than 0.2ml f ' the area is considered 

"hypoxic" and when there is no oxygen the area is considered "anoxic". Hypoxic 
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areas are found in some shallow-sill basins and deep trenches where there is reduced 

water exchange such as the Black-Sea, the Red Sea, the basins of the California 

Continental Borderlands and the Cariaco Trench (Wishner et al. 1995; Gorsline et al, 

1996). Hypoxic conditions are also found near the outflows of large rivers, in Qords, 

sea lochs and shelf seas (Diaz and Rosenberg, 1995; Wishner et al., 1995). 

til 

Figure 1.3 A map showing the distribution of oxygen minimum zones (shown in 
pink) in the world's oceans (adapted from Kamykowski and Zentara, 1990). 

1.3.1 The Formation of OMZ 's 

Oxygen Minimum Zones (OMZ's) are formed as a result of a combination of high 

productivity and poor water circulation. Wyrtki (1962) was the first person to suggest 

that OMZ's were formed where biological matter, formed as a result of high surface 

productivity, decomposes as it sinks through the water column. This increases the 
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oxygen demand resulting in reduced dissolved oxygen, creating an OMZ where 

horizontal circulation is least He suggested that oxygen concentrations below the 

OMZ may be higher because of reduced oxygen demand as most material has been 

decomposed within the OMZ. His theory has been adapted by various authors, 

placing different emphasis on circulation, productivity and the oxygen concentration 

in the source water, depending on the region, but it has remained essentially 

unchanged (Rogers, 2000). OMZ's are generally found from the near surface waters 

down to 1500m and below (Kamykowski and Zentara, 1990). 

1.3.2 The Effect of OMZ's on Biology 

It has been shown that the areas of the deep-sea that are generally most species-rich 

lie on the continental slope between 500 and 2500m and this coincides with the depth 

of the oxygen minimum in the world's oceans (Rogers, 2000). This is not a co-

incidence. It has been shown that many animals are excluded from OMZ's (Rogers, 

2000); those which do inhabit OMZ's are adapted to the low oxygen conditions and 

survive by having a low oxygen demand through symbiotic interactions with bacteria 

(Bemhard et al, 2000) or though anaerobic metabolism, even if only for short periods 

of time (Diaz and Rosenberg, 1995; Levin et al, 2000; Lamont and Gage, 2000). 

However, many species are excluded from OMZ's and as such OMZ's can cause 

allopatric speciation as a result of the OMZ causing isolation of communities (Rogers, 

2000). Also, as OMZ's exclude many organisms, there is reduced utilisation of the 

material that sinks through the water column resulting in high quantities of food found 

below OMZ's. This leads to high abundance of opportunistic species resulting in 

strong gradients in selective pressure, enhancing habitat heterogeneity (Rogers, 2000). 

Increased heterogeneity has been shown to increase diversity (Rice and Lambshead, 

1992). On evolutionary time scales, OMZ's can increase global diversity (Rogers, 

2000^ 

This study is not concerned with OMZ's throughout the world but with nematode 

biodiversity with specific emphasis on the OMZ in the Arabian Sea in the Indian 

Ocean. 
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1.4 The Indian Ocean 

The Indian Ocean is the least known ocean (Detrich, 1973), yet it has an area of 

approximately 7.36x10^ square kilometres which is 20% of the world ocean surface. 

It has an average depth of 3900m, with a maximum of 7450m being recorded in the 

Java Trench. The Indian Ocean has a volume of 2.92x10^ cu km. 

There are three distinct circulation systems in the Indian Ocean (Wyrtiki, 1973); 

1. The seasonally changing monsoon gyre 

2. The south hemisphere subtropical anticycIonic gyre 

3. The Antarctic waters with the circumpolar current. 

The second two systems are similar to those found in the other oceans but the first is 

unique to the Indian Ocean. The division of the ocean into these three regions is not 

easy to grasp from the circulation maps but a tongue of low salinity water, which can 

be seen on physicochemical maps, extends from Sumatra at approximately 10°S. This 

separates the high nutrient, low oxygen, water in the north, which is affected by the 

monsoon gyre, from the low nutrient, high oxygen, water in the South. Chemical 

analysis supports the idea of three separate systems quite clearly (Wyrtiki, 1973). 

The north-western Indian Ocean (also called the Arabian Sea) has been defined by 

(Burkill et al, 1993) as the ocean basin that is bounded by the African and Asian 

landmasses to the west and north and the Indian sub-continent to the east. They chose 

the southern boundary to be the equator, so its area is approximately 6.2 xlO* km .̂ 

This makes it one of the smallest ocean basins, but it contains a great diversity of 

areas including those affected by eufrophic waters, oligotrophic waters, upwelling 

waters and areas of low oxygen concentrations. 

1.4.1 Momoonal Dynamics 

The word "monsoon" comes from the Arabic word meaning 'winds that change 

seasonally'. The monsoonal dynamics of the Indian Ocean influence the lives of 

more than 60% of the world's population in some way (Honjo and Weller, 1997). 
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As the Indian Ocean is landlocked to the north by the Asian continent at relatively 

low latitudes (~20°N) the circulation patterns in this ocean are greatly influenced by 

this landmass. In the northern summer (May-October), the air over Asia is warmer 

and less dense than that over the ocean resulting in a pressure gradient being set up 

producing south-westerly winds to blow towards the Asian landmass from the equator 

(Honjo and Weller, 1997). This situation is reversed as the year progresses. The 

Eurasian continent cools, creating an area of high pressure over the Tibetan plateau, 

causing the persistance of northeast winds throughout the area which are deflected to 

the left as a result of Coriolis force (Honjo and Weller, 1997). These winds are not as 

strong as during the summer but they act in combination with the cooling of the 

surface waters resulting in a deepening of the mixed layer. 

The circulation patterns in the Indian Ocean change seasonally as a result of the 

monsoonal winds. During the northern winter the circulation pattern in the Indian 

Ocean resembles that from the other oceans. This can be seen by the presence of both 

a north and south equatorial current with an equatorial counter-current. However, 

later in the year, the northern equatorial current reverses as a result of the monsoonal 

winds and combines with a weakened counter-current. This forms the southwest 

monsoon current and it is this combination that makes the SW monsoon stronger than 

the NE monsoon. The two monsoon gyres mentioned above are the NE monsoon 

(November-April) and the SW monsoon (May-October, peaking in August). The SW 

monsoon affects circulation below the thermocline but the NE monsoon does not. 

The shift in wind pattern gives rise to the greatest seasonal variation of surface water 

components in any ocean basin. 

Diagrams showing the circulation patterns during the two monsoons are shown below. 
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Figure 1.4 A map showing the prevailing water current patterns during the North East 
monsoon (November-April). Adapted from Open University (1989). 
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Figure 1.5 A map showing the prevailing water current patterns during the South 
West monsoon (May-October). Adapted from Open University (1989). 
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The east African coasts cause the winds in the SW Monsoon to be slightly re-directed 

at the surface to run parallel to the coastline of Somalia, Yemen and Oman. The 

coastline also intensifies the wind. The wind close to the shore is referred to as the 

Findlater Jet (Findlater, 1974) and has been known to exceed 36 knots at its peak. 

The winds running parallel to the coast cause surface waters to be transported at right 

angles to the wind, away from the coast, as a result of Ekman transport (Pickard and 

Emery, 1995). Ekman transport of water away from the coast causes upwelling to 

occur to replace the surface water. The upwelling water is cold and nutrient rich. To 

counter this upwelling, convergence and downwelling occurs in the eastern Arabian 

Sea. Upwelling is most pronounced off the coasts of Oman and Somalia, although 

weaker upwelling does occur off Southwest India (Swallow, 1984). 

1.4.2 Upwelling 

The upwelling along the Arabian coast is most intense between 5°N and 11 °N. In this 

region the warm surface waters are replaced by cooler deep water which contains high 

concentrations of nutrients. Strong winds also blow parallel to the Arabian coast 

intensifying the upwelling, making it more intense than the Somali upwelling which 

occurs Airther south. The Arabian Sea receives strong sunlight because of its low 

latitude and is relatively warm even at its coolest (about 25°C). Therefore, primary 

productivity is limited by nutrients. During upwelling the nutrient poor surface water 

is replaced by nutrient rich deeper water and the phytoplankton blooms. This 

phytoplankton absorbs carbon dioxide from the surface waters (ultimately from the 

atmosphere) and produces particulates that sink into the deeper water. This process 

removes carbon dioxide from the atmosphere, which means that the Arabian Sea is a 

"sink" region for carbon dioxide. This is important as the benthic processes affect the 

burial or remineralisation of the carbon and hence can have an important effect on 

global warming. 

Page 31 



1.4.3 The Arabian Sea OMZ 

The northern Arabian Sea contains the thickest low-oxygen layer in the ocean today 

with oxygen concentrations <0.1 ml 1"' prevailing from 100-150m (the lower boundary 

of net primary production) down to more than 1km (Olson et al, 1993). Oxygen is 

traditionally quoted in volumetric units (ml 1"') in physical oceanography, however, it 

is more correct chemically to quote in molar units (pmol kg"'). 0.1ml 1"' is 

approximately equal to 4 jimol kg '. In this study oxygen will tend to be quoted in it's 

more traditional form to allow for comparison with previous studies. There are only 

two comparable OMZ zones in the world's oceans. One is in the tropical Northern 

Pacific at depths of 100-900m (Cline and Richards, 1972) and a smaller, thinner layer 

in the Bay of Bengal (Wyrtki, 1973). The OMZ in the Arabian Sea is biologically 

considered hypoxic as there is virtually no oxygen throughout large parts of the water 

column (Olson et al, 1993). It is not considered anoxic as there is no hydrogen 

sulphide production (Deuser et al., 1978). 

The oxygen in subsurface water is controlled by its input, primarily through contact 

with the atmosphere or surface primary production, and consumption through 

oxidation. Therefore, oxygen concentration is controlled by how much oxygen was 

absorbed when the water was in contact with the atmosphere, primary productivity, 

how long the water has not been in contact with the atmosphere and how much 

decomposition and respiration occurs. Past explanations for the OMZ in the Arabian 

Sea have included very sluggish flow causing a long period out of contact with the 

atmosphere allowing long periods of decomposition (Sverdrup et al., 1942) and high 

localised respiration as a result of the high productivity (Ryther and Menzel, 1965). 

Swallow (1984) suggested that the flow is not that slow but the incoming water is 

aheady low in oxygen and this is enhanced by moderate consumption causing the 

thick low-oxygen layer. The Indian Ocean is landlocked to the north, there is no 

subtropical convergence of highly oxygenated waters, meaning input comes from the 

warm, high salinity, waters of the Persian Gulf and the Red Sea which cannot hold 

much oxygen (Morrison et al., 1999). The theory of Swallow (1984) is supported by 
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the more recent results of Olson et al. (1993) who discovered that the residence time 

of low oxygenated water in the Arabian Sea is approximately 10 years. 

The low oxygen in the Arabian sea has important consequences for nitrogen cycling 

and it has been shown that the Arabian Sea accounts for 10-30% of the estimated total 

global water-column denitrification (Naqvi, 1987; Law and Owens, 1990). 

Denitrification experiments have shown that oxygen demand is greater than the input 

of oxygen in the OMZ (Denser et al., 1978). Nair et al. (1989) showed that 

biogeochemical processes in the Indian ocean can be related to atmospheric forcing 

and this, along with the 10 year turnover time of water in the OMZ (Olson et al., 

1993), indicate that the Arabian Sea may be an optimal location for studying the 

ocean-climate relationships. This is partly as a result of the climatic feedback 

mechinisms which remove carbon dioxide from the atmosphere, but could potentially 

vent it back because of the upwelling water (Law and Owens, 1990; Owens et al., 

1991). The monsoonal dynamics, and hence climatic change, will affect these 

processes. The northwestern Indian Ocean may act as a sensitive natural 'marine 

barometer' (Mantoura a/., 1993). 

1.5 Aims and Objectives 

The aims and objectives of this study were; 

1. To investigate the effect of low oxygen concentrations on nematode 

abimdance, diversity and community composition. 

2. To determine the taxonomic composition of nematode communities so that 

data is available to other researchers to determine the effect of nematodes on 

carbon recycling on the Oman Margin. 

3. To investigate how oxygen and other environmental factors influence 

nematode body size and shape. 

4. To investigate how oxygen and other environmental factors influence 

nematode fimctional groups. 
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These aims will be addressed by investigating certain hypotheses. 

1.6 Hypotheses 

1. The OMZ will not affect nematode abundance. 

2. The OMZ will not affect the nematode species diversity. 

3. The OMZ will not affect nematode community structure. 

4. Changes in food will not result in a change in nematode trophic groups. 

5. Nematode body size will not change as a result of a transfer from J^-selected to 

r-selected species with an increase in food. 

6. The OMZ will not have any effect on the surface area to volume ratio of 

nematodes. 

7. There will not be a change in surface area to volume ratio with increasing 

water depth when looking at the global data set. 

8. Disturbance will not affect the distribution of nematode body shapes. 

These hypotheses were tested by examining nematodes collected along a transect 

perpendicular to the Oman coast in the Arabian Sea, through an area that is impacted 

by an Oxygen Minimum Zone. This examination mainly involved determining 

abundance, species identification and the measurement of individual nematodes. 

Individual nematodes firom archived samples were also measured and published data 

on abundance and diversity compared with the "Arabesque" data. 
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Chapter 2 Materials and Methods 

2.1 Experimental Procedures 

2.1.1 Field Sampling 

Samples were collected in the autumn of 1994 during "Arabesque" cruise 211 of RRS 

Discovery as part of her Indian Ocean campaign. Cores with a cross section of 25.5 

cm^ were taken from separate deployments of a multiple corer at four stations. Two 

deployments were within the OMZ (at approximately 400m and 700m), one at the 

lower boundary of the OMZ at approximately 1250m and one below the influence of 

the OMZ at approximately 3400m. Three replicates were used from each station 

making a total of twelve samples. 

A map of the area from which the samples were taken and the vertical profile of the 

transect can be seen in Figure 2.1 and Figure 2.2 respectively. 

When the cores were back on board the ship, some of the water above the sediment 

was removed leaving at least 5cm of clear water, which was assumed to contain no 

nematodes, in all of the samples. The cores were then cut into 1cm thick horizontal 

slices as soon as possible so as to minimise the effects of vertical migration after 

sampling (Piatt & Warwick, 1983). The surface water was siphoned into the sample 

pot with the 0-1 cm sediment horizon, as any nematodes in this would have originated 

from the surface sediment. Only the 0-1 cm slice was used in this study. Each sub-

sample was washed with 10% buffered formaldehyde into a plastic pot with a tight 

fitting screw top to preserve the samples until they arrived at the laboratory for 

analysis. 
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Figure 2.1 A map of the Arabian Sea off Oman, indicating the area covered by this 
study (Adapted from Gage, 1995). 
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Figure 1.1 A three dimensional bathymetric map of the study area. The OMZ is 
shaded green (darkest at the lowest Oxygen concentrations) and the locations of the 
four sampling sites are indicated by red stars (Adapted from Gage, 1995). 
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2.1.2 Extraction 

When the samples arrived at the laboratory, each was washed with tap water through 

a combination of a 45pm sieve and a 32|am sieve. Upon examination, it was decided 

not to use the 32p,m residue for this project. All necessary precautions were taken 

because of the high concentration of formaldehyde. This process separated the 

samples into the two size classes. Previously, the 45|jm sieve was considered the 

smallest size required for the analysis of meiofaunal samples but recent work has 

suggested that the 32|.im mesh size is necessary for bathyal samples (Mitchell, 

com.). The material collected in the sieves was concentrated in a small region at the 

edge and washed with LUDOX™ of specific gravity equal to 1.15, before being 

washed into new containers with a solution of LUDOX™. All LUDOX™ used in 

this study was of specific gravity 1.15. This specific gravity was chosen as it is 

similar to that of nematodes so that they would be neutrally buoyant and could be 

removed from the sediment by decantation. This is a modification of the 'LUDOX™' 

flotation technique of Piatt and Warwick (1983). The pots were sealed, clearly 

labelled and left for 48 hours to settle. 

The samples were washed on the relevant sieve (i.e. that corresponding to the size 

class being sieved), so as to wash out as much of the LUDOX™ as possible without 

removing any of the sediment. The LUDOX™ was collected and placed back into the 

pot with the sediment, ensuring that the interior sides of the pot were washed in the 

process, with LUDOX™ returning any worms that were stuck to the side into 

suspension. The rest of the container was washed to ensure complete collection of the 

nematodes from the rim and outside of the container. The particles that were 

collected in the sieve (mainly nematodes and diatoms) were washed with distilled 

water to remove all of the LUDOX™ solution and then washed with 4% 

formaldehyde solution, diluted with distilled water. This solution was then washed 

into a Pefri dish that had been previously cleaned with 95% Indusfrial Methylated 

Spirit (IMS) to prevent the nematodes sticking to the dish. This whole process was 

repeated every three hours until all nematodes were exfracted. The LUDOX™ was 

replaced every second day to reduce dilution and consequent reduction in its specific 

gravity. 

Page 38 



Using a binocular microscope at low power the Petri dishes were examined by 

traversing along lines that had previously been scored on the dishes, and any 

nematodes extracted were placed into the relevant clean cavity block containing 

desiccating fluid. The desiccating fluid was 5% anhydrous glycerol, 5% IMS and 

90% distilled water, with phenol crystals added as a fungicide. The dishes were 

completely examined twice, mixing the contents between examinations to ensure no 

nematodes were missed. They were also examined randomly by a experienced 

meiobenthologist for quality control. When not in use, the cavity blocks were 

covered, leaving a small gap to allow for evaporation, and placed in an airtight 

desiccator containing anhydrous copper sulphate crystals as the desiccant The 

nematodes were extracted from the Petri dishes using an eyelash attached to the end 

of a cocktail stick. Every Petri dish was investigated until three successive dishes 

each contained no nematodes. 

Nematode abundance was higher than originally expected so the original method was 

found to be far too time consuming. It was, therefore, necessary to employ sub-

sampling. The method used was the 'Askso sample-splitter' (Elmgren 1973). This is 

a "Perspex" cylinder approximately 20cm high with a diameter of approximately 

10cm The cylinder is divided radially into eight sections each approximately 3 cm 

high. Each had a small cork in the bottom to allow draining (Figure 2.3). 
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R u b b e r y 

Figure 2.3 A diagram of the sample splitter used, with measurements in milimetres 
(adapted from Elmgren, 1973). 
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From preliminary studies it was discovered that 17 decants were sufficient to remove 

virtually all, if not all, of the nematodes in a sample. When sample splitting was 

required, 17 decants were carried out and each decant was poured into a screw lid 

container with a small volume of 10% formaldehyde for preservation until the 

container contained all 17 decants. This preserved sample was poured into the sample 

splitter (ensuring all of the corks are in place). The sample splitter was then filled to 

within 2cm of the top with tap water at high pressure to thoroughly mix the contents. 

A drop of detergent was then dropped onto the surface of the water to reduce surface 

tension so that all of the nematodes settled to the bottom of the sample splitter. 

Approximately 30 minutes later the side of the sample splitter was tapped several 

times to dislodge any nematodes settled on the dividing walls so that they fell into one 

of the eight compartments. This also dislodged any worms that may have adhered to 

the walls of the sample splitter. The sample splitter was left for a few hours. The 

water above the dividing walls was then removed using a vacuum pump and retained 

for later examination to determine whether any nematodes had not settled into the 

chambers. An eight-sided die was rolled to determine which four chambers were 

going to be examined (odd or even). Examining four alternate chambers out of the 

eight meant that any gradient, which may have been inadvertently set up, would not 

bias the results. The residue from each of the required chambers were removed and 

placed in separate Petri dishes for counting. The number of nematodes in the water 

above the chambers was also determined so as to ascertain how accurate the method 

was for obtaining all nematodes. The counts from each of the sub-samples examined 

were compared to determine accuracy of sub-sampling. One hundred and twenty five 

nematodes were extracted from the compartment indicated by the die and 125 from 

the opposite chamber (once again to prevent any bias as a result of gradients that may 

have been set up). The worms extracted were selected by being the first 125 worms 

encountered from each of Pefri dish on the most central of the 'lanes' previously 

scored on the dish. These 250 nematodes were placed into a cavity block and later 

mounted. 

This process was repeated for each of the three replicates from the remaining three 

stations under investigation which had not already been counted for nematodes. 
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2.1.3 Mounting 

The microscope slides used were approximately 75mm by 25mm, with 19mm 

diameter round coverslips, and were kept in IMS alcohol until required to ensure they 

were clean. When required, a slide was removed from the alcohol and dried with a 

clean tissue. A paraffin wax ring was formed in the centre of the slide. The wax ring 

was applied by placing a copper tube, which had been kept in molten wax, onto the 

slide for a short period of time. A small drop of anhydrous glycerol was placed in the 

centre of this ring and it was into this that the nematodes were transferred from the 

desiccating block once all the water had been expelled from the desiccating fluid. 

Originally only 10 nematodes were mounted on each slide but it was later realised that 

the small size of the nematodes made it possible to have 25 worms on each slide. 

This unproved speed and cost efficiency as a result of less materials being used. A 

couple of very thin pieces of tinfoil were then placed between the glycerol and the 

wax ring to ensure that the nematodes were not crushed when the coverslip was 

applied. A clean, dry, coverslip was then placed on top of the wax ring and the slide 

then placed on a hot-plate to melt the wax. Once the wax had become clear the slide 

was transferred to a level surface away from the heat so that the wax could solidify, 

sealing the slide. The slide was then fully labelled and stored for later identification 

of the nematodes. 

2.1.4 Identification 

The slides were examined using a high power interference confrast binocular 

microscope ('Olympus BH-2'). One hundred nematodes (out of 250) were examined 

from each replicate. In most cases this involved examining 4 slides from 10, as there 

were 25 worms mounted on each slide on average. The selection of the slides to use 

was important, as the problem of bias needed to be addressed. If there was 

preferential picking of large or small animals from the cavity block when mounting 

the nematodes, then a gradient of size would have been set up. This may have 

occurred unintentionally. Therefore, selection of the slides to use for identification 

was important to remove any potential for bias. If slides had been selected at random 

it was quite possible that they would have come from similar positions on the 
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potential gradient, as only a small number of slides were required. Therefore, it was 

decided to use the pseudorandomisation idea of Student (Lambshead, pers. com.) by 

selecting regularly positioned slides within the suite of slides for each replicate. This 

method reduces the possibility biasing nematode selection. When 10 slides had been 

mounted this required using slides 2, 4, 6 and 8 for best accuracy. If less than 100 

nematodes were included on these slides then slides 10 and 5 were used in that order 

until at least 100 animals had been found and a complete number of slides had been 

examined. This method was adjusted accordingly in cases where more than 10 slides 

were used. 

All nematodes were drawn at the highest power that allowed a single complete picture 

to be composed, and then areas of important taxonomic detail were drawn separately 

using a xlOO oil immersion objective. Nematodes were identified to the lowest 

taxonomic unit possible. They were identified to genus level using the pictorial keys 

of Piatt and Warwick (1983,1988), Warwick et al. (1998), Bussau (1993), and 

references therein. Beyond genus level they were given arbitrary labels to group them 

together as working species using individual letters of the alphabet (e.g. sp.A, sp.B, 

etc.). The operational taxonomic unit (OTU) was the lowest classification level 

assigned to any individual and as such was the same as working species. In many 

cases, the OTU was a sub-division of the generic level. This was intended to be at the 

species level, but with such few individuals in each OTU their identification as 

separate species was problematic. An OTU only named to the family level was used 

if the individual could be separated from all the sub-generic OTUs but could not be 

assigned to an individual genus because of conflicting characteristics. An OTU only 

named to the family level was not as a result of it failing to be categorised further 

because of missing features. From now on, OTU and 'species' will be used as 

interchangeable terms, even though none of the OTUs has been formally described. 
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2.1.5 Size Measurement 

The total length, measured as the distance from the lips of the buccal cavity to the tip 

of the tail, and width at the base of the oesophagus were determined for all individuals 

that were drawn. These measurements were used to determine volume and length-

width ratios for each individual. Volume was determined using the formula of 

Andrassy (1956): 

F = 
1.7 

where : V 

w 

I 

= Volume (mm^ = 1̂) 

= Width at oesophagus (mm) 

= Total body length (mm) 

Multiplying the volume by the specific gravity of nematodes provides an estimate of 

individual biomass (in |j,g). Weiser (1960) determined the average specific gravity of 

nematodes to be 1.13. This can be converted to dry weight by dividing by 4, as the 

ratio of nematode wet weight to dry weight has been shown to be 4:1 (Wieser, 1960). 

This method was not as accurate as individually determining the weight of each worm 

because it was an estimation. However, it did allow for the preservation of the sample 

for later re-examination if required. Geometric size classes were then determined 

using the method of Warwick (1984). Warwick's size classes are shown below: 
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Biomass (|j.g) Size Class 
0.00029-0.00058 - 4 
0.00058-0.0011 - 3 
0.0011-0.0023 - 2 
0.0023 - 0.0047 -1 
0.0047-00931 0 
0.00931 -0.018 1 

0.018-0.037 2 
0.037-0.075 3 
0.075-0.149 4 
0.149-0.298 5 
0.298 - 0.596 6 
0.596-1.192 7 
1.192-2.384 8 
2.384-4.768 9 
4.768-9.537 10 
9.537- 19.073 11 
19.073-38.147 12 

Table 2.1 Distribution of the range of individual biomass (|ig dry weight) assigned to 
each size class of Warwick (1984). 

These measurements and calculations were also carried out on samples from Natural 

History Museum archives. This allowed for the comparison of the "Arabesque" 

samples with archive data as identical protocols were used. 

2.1.6 Functional Group Classification 

Every nematode identified was assigned a feeding group as designated by Weiser 

(1953). These feeding groups are determined on the basis of the buccal morphology. 

The four types were selective deposit feeders (1 A), non-selective deposit feeders 

(IB), epistrate feeders (2A) and predators/omnivores (2B). The four types are shown 

below. The feeding groups of Weiser (1953) have been criticised by various authors 

(Romeyn and Bouwman, 1983; Jensen, 1987; Moens and Vincx, 1997) but have been 

used here for consistency with previous studies. 
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Figure 2.4 Nematode feeding types as designated by Weiser (1953), adapted from 
Romeyn and Bouwman (1983). The four types were selective deposit feeders (lA), 
non-selective deposit feeders (IB), epistrate feeders (2A) and predators/omnivores 
(2B). 

Thistle a/. (1995) allocated tail types to nematodes. The four tail types are 

'rounded with blunt end' (1), 'clavate-conicocylindrical' (2), 'conical' (3) and 

'filamentous' (4). The four tail types are shown below. By combining tail and 

feeding types they introduced the concept of 'functional groups'. Various 

combinations of the 4 different feeding types and 4 different tail types yielded a total 

of 16 functional groups. All nematodes identified in this study were also classified 

according to tail type and assigned to one of these 16 functional groups. 
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Figure 2.5 Nematode tail types according to Thistle et al. (1995). The four tail types 
are 'rounded with blunt end' (1), 'clavate-conicocylindrical' (2), 'conical' (3) and 
'filamentous' (4). 

2.2 Statistical Analysis 

In the ideal experiment there will be suitable controls which differ from the affected 

sites (the 'treatments') with respect to only one variable (Green, 1979). This allows 

any difference between the treatment and control to be attributed to the chosen 

variable. With environmental experiments, it is very rare for this to be the case and 

'controls' are often some kind of reference station rather than a true control (Green, 

1979). In this study, the position of the OMZ required that the normal oxygen station 

was located at a much greater water depth than the OMZ stations. Comparisons were 

made with archived samples to try to isolate the impact of depth from that of oxygen. 

The comparisons also allowed for isolation of other variables. The archived samples 

were not taken at the same time or location as the "Arabesque" samples so may show 

temporal and spatial differences. However, by using a selection of archived samples 

it should be possible to accommodate temporal and spatial variation. Archived 

samples helped to 'fill the gaps' in the data. 
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Four computer programmes were used for the statistical analysis. MINITAB for 

Windows (version 11.21) was used for all statistical analysis excluding diversity 

calculations. "CurveExpert" version 1.34 was used for fitting curves to data. Most of 

the diversity calculations were carried out using "BioDiversity Professional" (Beta 1 

version). Non-metric multidimensional scaling (NMDS) and ANOSIM were 

calculated using PRIMER (version 5). 

The level of significance that was employed to reject the null hypothesis was 5% in 

most cases. However, when a large number of comparisons were made a more 

conservative level of significance (1% or 0.5%) was used to reduce the chance of a 

TYPE I error. TYPE I errors are when a true null hypothesis is rejected. TYPE II 

errors are when a null hypothesis is falsely accepted. 

2.2.1 General Statistics 

Parametric statistics assume that the data is from a normal distribution and is 

continuous. It is often not possible to distinguish the distribution of field data from a 

normal, or any other, distributions (Chatfield, 1970). This is a consequence of the 

small number of samples. Data can be normalised but often slight variations from 

normality do not affect the results obtained from parametric tests (Chatfield, 1970; 

Green, 1979). No data is ever truly continuous, especially taxonomic data when there 

can only be a minimum of one specimen. However, with reasonably large numbers, 

integer data (as would be obtained in abundance counts) can be treated as if it were 

continuous. Non-paramefric tests do not require the same assumptions but as a result 

tend to be less robust TYPE II errors are more likely with non-parametric tests than 

with paramefric tests on normal data. Many scientists do not use non-parametric tests 

for these reasons (Chatfield, 1970) and, for the same reasons, only parametric tests 

will be used in this study. 
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2.2.1.1 Student's t-test 

Student's Mest is a parametric test used to test the means of two samples. It can be 

used to compare small samples (Elliot, 1977). The null hypothesis assumes that the 

two samples come from populations with the same means and variances. A 

significant value of ^ indicates a significant difference between samples, allowing the 

null hypothesis to be rejected. The non-parametric equivalent of the r-test is the 

Mann-Whitney U-test. For small sample sizes, any overlap of observations will 

prevent the null hypothesis from being rejected when using a Mann-Whitney U-test, 

increasing the chance of a TYPE II error. Student's f-test is probably the most 

commonly used test statistic and that is why it is used here. 

2.2.1.2 Correlation and Regression 

Correlation and regression tend to be used to mean the same thing (Sokal and Rohlf, 

1969). However, correlation determines whether there is an association between two 

variables, whereas regression implies a dependence of one variable on another. In 

most cases where these terms are used, dependence is not a significant issue as they 

are used to test an association between two or more variables to determine whether 

the data are consistent with a hypothesis. 

Both the correlation co-efficient and the value obtained from regression indicate 

how closely the two factors are associated. Values closer to 1 indicate a stronger 

association and, in the case of correlation, the sign indicates the direction of the 

association. The 'jp' value of regression indicates the level of significance of the 

relationship. 

2.2.2 Species Richness 

Initially, species richness was used to describe diversity and it is a count of the 

number of species present without any reference to which species they are or the 

abundance of these species (Clifford and Stephenson, 1975). However, as the number 
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of species discovered is positively correlated with the number of animals sampled, 

species count is often quoted with respect to a certain area or number of animals 

investigated (Sanders, 1968). Therefore, if the number of animals investigated varies 

from one study to another, comparison may not be meaningful. Species richness has 

the great advantage of being the easiest ecological statistic to determine and 

represents the data in its purest form Species richness works best when analysing 

closed systems with a limited species pool, for example lakes. Problems occur when 

the area cannot be completely sampled for all species, or is highly species rich, 

because not all species will be observed, resulting in an underestimate of species 

richness (Lambshead, in press.). Species richness has been used in this study as it 

represents diversity in its purest form; a higher value of species richness indicates 

higher diversity (Clarke and Warwick, 1994). 

2.2.3 Ecological Diversity 

Ecological diversity indices are sometimes called univariate statistics (Clarke and 

Warwick, 1994) as they reduce information about communities down to a single 

figure. Ecological indices incorporate the number of species present (species 

richness) and relative abundance of each species. Equitability refers to the relative 

abundance of species; high equitability means high diversity. The reciprocal of 

equitability is dominance and is a measure of how dominated a community is by one, 

or a few, species. Ecological diversity indices are conceptual, with each being 

weighted towards richness or equitability, so are not 'real' measures in the sense of 

temperature (Lambshead, in press.). There is a vast array of diversity measures each 

with its own advantages and disadvantages. 

2.2.3.1 Rarefaction 

Rarefaction is a graphical ecological diversity method that is commonly reduced to an 

index. Species richness is sample size dependent and to deal with this problem 

Sanders (1968) developed rarefaction, which estimates species richness based on a 

standard sample size. Sanders' method was modified by Hurlbert (1971) and it is this 
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method that will be used in this study. Using rarefaction, it is possible to compare 

communities from different sample sizes. Rarefaction is robust to sample size so, 

although more information will be obtained from other measures where sample sizes 

are the same, it is useful in comparing the communities were the sample sizes are 

different. The formula used to calculate rarefaction is given below. 

£(5) = E^1- ' N - N A /fN_^ 

K « j / I « y 

where : E(S) = Expected number of species 

n = Standardised sample size 

N = Total number of individuals recorded 

Ni = Number of individuals in the /th 

species 

Rarefaction can be criticised because information regarding the relative proportions of 

each species is lost using this technique compared to other graphical methods such as 

^-dominance curves (Magurran, 1988) that will be discussed later. Also, rarefaction 

assumes random distribution of species within an area such that the chance of 

encountering any given species is proportional to it's abundance. This is not true as 

small-scale factors that select for particular species can cause species to aggregate 

together into patches (Grassle and Morse-Porteous, 1987). Rarefaction will be used in 

this study to compare samples from different locations that may not be the same size 

as the "Arabesque" samples, as it is a diversity measure robust to sample size. 

2.2.3.2 Shannon Index (H') 

This is an intrinsic diversity index that is probably the closest to a standard diversity 

measure and it is based on both the number of species and the distribution of 

individuals within these species. The results of this index are quoted to a log-base, 

and it is important to quote which base is used (usually 2, e, or 10) to allow for 

comparison with other studies. Consistency is more important than which base is 
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chosen when comparing samples (Magurran, 1988). The Shannon index has a 

minimum value of 0 (when all individuals are from one species), with an increasing 

value (for a set sample size) indicating a more diverse community. The formula used 

to calculate the Shannon Index is given below. 

where: H' - Shannon diversity 

Pi - Proportion of individuals found in the 

Ah species 

The biggest problem with this index is that it is sample size dependent and should 

only be used to compare communities of similar sample size. It was used in this study 

because it is one of the standard indices used in many other studies, allowing for 

comparison with published data if sample sizes are of the same order of magnitude. 

2.2.3.3 Simpson's Index (D) 

This is another intrinsic diversity index. This index is a measure of dominance and 

gives the probability of any two individuals drawn at random from an infinitely large 

sample belonging to different species. The larger the value of D, the more dominated 

the community, hence it has lower diversity. Simpson's index is weighted towards 

the most abundant species in the sample. The formula used to calculate Simpson's 

Index is given below. 
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where: D = Simpson's diversity 

Pi = Proportion of individuals found in the 

/th species 

The problem with Simpson's index is that it is heavily weighted towards the most 

abundant species in a sample and is less sensitive to species richness (Magurran, 

1988). Simpson's index was used in this study as it is the most widely used 

dominance index (Magurran, 1988) allowing for comparison with previously 

published results. It is used in addition to Shannon as Simpson's Index is more 

weighted towards equitability than the Shannon Index (Lambshead et al, 1983). 

2.2.3.4 ^-dominance Plots 

AT-dominance plots are a graphical representation of the complete data set. They are a 

method to display the cumulative dominance of 'F species where 'F can be any 

number between one and the total number of species. A Ar-dominance plot is a plot of 

cumulative abundance against logged species rank, from most abundant to least 

abundant. If one assemblage has a higher value of dominance for all values of A: than 

a second assemblage, then the first assemblage is considered more dominated, and 

hence less diverse, than the second. On a A:-dominance plot, the line representing first 

assemblage will be higher than the line representing the second. In this case, intrinsic 

ecological diversity statistics (such as species richness, Shannon Index and Simpson's 

Index) would order the samples in the same way as the A:-dominance plot However, 

if one assemblage does not show more dominance over another at all values of k, 

which assemblage is considered more dominant will depend on the weighting of the 

univariate index used. If the value of k determines which assemblage shows more 

dominance, then the lines on a A:-dominance plot will intersect and this should be an 

indication that the samples are not comparable in terms of intrinsic diversity. 

Magurran (1988) argues that situations where the A:-dominance curves intersect may 
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be the most useful application of these plots as they indicate a shift of dominance 

relative to species richness. For more information on ^-dominance plots refer to 

Lambshead et al. (1983). Gray et al. (1988) criticised ^-dominance plots as they are 

overly dependent on the abundance of the most abundant species. Clarke (1990) 

proposed the use of 'partial dominance' analysis to address this problem but it has not 

been carried out in this study. Another problem of yt-dominance curves is that 

statistics cannot be carried out on them. AT-dominance plots will be used in this study 

as they represent the whole suite of species and allow for explanations to be drawn if 

the intrinsic indices do not order the samples in the same way with respect to their 

diversity. 

2.2.4 Multivariate Analysis of Communities 

The difference between ecological diversity indices and the following methods is that 

ecological diversity indices do not retain taxonomic identities. As such, two 

communities can give the same value for univariate diversity indices but may be 

composed of entirely different species. Alternatively, two communities may be 

composed of the same species but slight differences in their relative abundance may 

give different results for the diversity calculated with univariate methods. 

Multivariate community statistics retain the taxonomic identities of the communities 

and whilst not giving a value of diversity they allow greater discrimination of 

samples. 

Multivariate analysis relies on measuring the similarity (or dissimilarity) between 

pairs of samples to create a matrix that can then be used to group samples. The 

recommended, and most commonly used, similarity measure is the Bray-Curtis co-

efficient of similarity (Clarke and Warwick, 1994). The reciprocal of similarity is 

dissimilarity and this is, as the name suggests, a measure of how different samples 

are. When similarities or dissimilarities are calculated, they are often biased by the 

most dominant species within the community. A way in which to overcome this is to 

transform the data so that less emphasis is placed on species with high abundance so 

that the whole community is examined. The most common transformation used is the 

fourth-root transformation and it replaces the raw abundance of any individual species 
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with the square root of the square root of the abundance. The fourth-root 

transformation has been used by many authors and has been specifically suggested for 

use with nematodes (Hodda, 1986) as it removes the effect of dominant species and 

examines the whole suite of species. Fourth-root transformation reduces the effect of 

relative abundance of species. Care should be employed with this, or any other, 

transformation as it changes the data. In this study, the raw data was initially used, 

although transformations were also used. 4*-root transformation was used because it 

is widely used by other authors. 

2.2.4.1 Cluster Analysis 

Cluster analysis works on the principle of grouping samples so that the samples 

within a group are more similar to each other than to those outside the group. There 

are various methods of clustering but the method used in this study was 'hierarchical 

agglomerative clustering'. This method examines the whole suite of species and 

groups together the samples that are most similar with respect to their communities 

and then lowers the level of similarity as more groups are formed until all samples are 

grouped together (Digby and Kempton, 1987). The results can then be displayed as a 

dendrogram (a hierarchical tree) with each break corresponding to the level of 

similarity of the samples on one branch to those on the other. Two alternatives to 

hierarchical agglomerative clustering are 'divisive heirachial clustering' and 'non-

herrarchial clustering'. Divisive heirachial clustering relies on the presence or 

absence of certain species to create general groups. Non-heirarchial clustering, does 

not start with an initial group, trying all possible arrangements, so is iterative and may 

not arrive with the perfect arrangement. Hierarchial agglomerative clustering will be 

used in this study as it ''has been found to be of widespread utility in ecological 

studies' (Clarke and Warwick, 1994). 

Care must be taken when deciding the method of grouping once the initial cluster has 

been formed in hierarchical agglomerative clustering as different methods will group 

samples differently. Two extreme examples are 'nearest-neighbour' and 'furthest-

neighbour'. Nearest-neighbour compares the most similar samples to the initial 

cluster and then group them to the initial group and so on until all samples are 
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grouped, tending to produce chaining of samples into clusters. The opposite is 

furthest-neighbour which compares the samples least like the initial group and groups 

them together, then examines the remaining samples to see which is the least like the 

two groups which have been formed and so on. This method of grouping tends to 

produce many small clusters. A good intermediate is group-averaging clustering 

which looks at the average similarity of samples in a group and compares it to the 

average similarity in other groups. Groups are formed which contain samples or 

groups with the highest mean similarity and tend to produce dendrograms that are 

easier to analyse than the two extremes previously discussed. A combination of Bray 

Curtis similarity analysis and group average clustering has been used most commonly 

in the analysis of marine nematode communities (Hodda, 1986). 

Cluster analysis will produce clusters even if the clusters have no ecological meaning. 

This is noticeable when there is a steady change in community structure, for example 

along a gradient of some variable. When a gradient in some variable is being 

examined, ordination methods such as principal component analysis (PCA) or non-

metric multidimensional scaling (NMDS) are more useful. 

Cluster analysis is a useful addition to ecological diversity indices as it is used to 

compare communities rather than diversity. It was used in this study to determine 

whether the nematode communities are affected by various factors including oxygen. 

2.2.4.2 Principal Component Analysis (PCA) 

PCA is a geometric ordination technique used to reduce a large number of correlated 

variables down to a smaller set, usually 2 or 3, of uncorrelated variables that represent 

the greatest amount of the original data. These variables are used as axes of a graph. 

Each sample is theoretically plotted in n-Mh dimension space where is the total 

number of species and each axis is a separate species. A line of best fit is then drawn 

through these points and this line becomes the first axis of a PCA ordination. A 

second line is then drawn at right angles to the first such that it explains most of the 

remaining variation. A third axis can then be drawn at right angles to the first two if 

required. Once the first two axes have been drawn there is no choice as to the 
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position or direction of the third axis (Clarke and Warwick, 1994). A major 

advantage of PC A is that the axes are 'real' as each can be related to a specific 

proportion of each species. The position along the first axis can be correlated with the 

original variables to see which variable explains the data best. The data that correlate 

best with the second axis represents the second most important variable and so on. 

The main assumption about the data when using PCA is that the derived components 

are normally distributed and uncorrelated. These assumptions are less important 

when PCA is being used as a descriptive tool rather than for testing hypotheses. For 

more information about PCA refer to Pielou (1984). Although PCA is useful when 

species are linearly related to each other, this is often not true, with species having a 

unimodal response curve. When species show unimodal response curves an artefact 

called the 'horseshoe effect' can be encountered. The horseshoe effect is when the 

second axis is curved relative to the first and does not represent a true secondary 

gradient PCA was used in this study so that the factors which had the most control 

over the community structure could be determined. 

2.2.4.3 Non-metric Multi-Dimensional Scaling (NMDS) 

Ordination produces a 'map' of the samples based on their dissimilarity. Samples that 

are most dissimilar with respect to the species composition, and abundance of those 

species, are placed furthest apart, and those that are most similar (least dissimilar) are 

plotted closest together. Non-metric ordinations produce ordinations of the data based 

on the ranked order of the distances rather than the actual distances. The theory 

behind NMDS is that once the number of ordinations is determined (most 

conveniently used is 2) the samples are placed randomly in that number of dimensions 

(in this case, 2 ordinations, hence 2 dimensions). A graph is produced of the 

dissimilarity between each sample plotted against the distance between those two 

samples on the NMDS plot. A regression line is then fitted to this graph. The 

goodness of fit of this line is referred to as 'stress'. The lower the stress value, the 

better the fit. The samples are then re-arranged in the two dimensions to produce a 

new NMDS plot and the process repeated. This continues until the lowest stress value 

is obtained. The groupings obtained fi-om cluster analysis should be able to be 

overlaid on the NMDS plot without causing confusion. A stress value of <0.05 
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indicates excellent representation, <0.1 indicates a good representation, <0.2 can still 

be useful, but a value of >0.3 is little better than randomly positioned data. A large 

value of stress indicates the inability to position the samples adequately in the number 

of dimensions specified. Rank correlation of the positions along the two (or more) 

axis can be carried out with known environmental variables with correlation occurring 

where there is a relationship between the positioning of the samples in the NMDS plot 

and the variable being investigated. The 'BIOENV' analysis in the PRIMER package 

determines the environmental variables that best explain the NMDS plot by 

maximising a rank correlation between the similarity matrices for the environmental 

data and that used for the NMDS analysis. NMDS has been described as one of the 

most powerful ordination methods (Kruskal and Wish, 1978). Further information 

can be obtained from Digby and Kempton (1987). The main problem with NMDS is 

that it is iterative and it may not find the optimum arrangement (Digby and Kempton, 

1987). Another problem of non-metric methods is how they deal with equal 

distances. The method used to deal with equal distances will probably have no effect 

with quantitative abundance data unless distances are calculated for sites that are 

classified by the presence or absence of a small number of species. Digby and 

Kempton (1987) do not recommend the use of non-metric methods, but NMDS will 

be used in this study. NMDS will be used as it is more robust to aberrant values 

meaning that the results will not be adversely affected by a single species being in 

exceptionally high abundance at one site (Digby and Kempton, 1987). NMDS is also 

not adversely affected by a large number of zeros in the data set as is often obtained in 

species matrices (Digby and Kempton, 1987). 

2.2.4.4 ANOSIM 

ANOSIM is an method used to determine the significance of the differences between 

groups of community samples, using the similarity matrix (Clarke and Warwick, 

1994). It is used in this study to test the significance of the groupings shown in the 

cluster and NMDS analyses. 
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Chapter 3 Ecological Biodiversity 

3.1 Introduction 

Abundance is the most basic measure of ecological patterns and is often used to give 

an indication of the response of nematodes to environmental variables. Some studies 

require no fiirther analysis of nematodes (Reiss, 1981; Powel et al, 1983; Shirayama, 

1984; Alongi and Pichon, 1988; Lambshead et al., 1995; Cook et al., 2000). 

Measuring nematode abundance is a straightforward process that requires very little 

previous knowledge of meiofaunal research. Nematode abundance studies have 

proved to be valuable as stand-alone projects or as initial investigations as part of 

larger studies. Care must be employed when only using nematode abundance as it 

fluctuates greatly, both temporally and spatially, so longer term effects of disturbance 

can be masked by localised conditions (Coull and Chandler, 1992). It is more useful 

to examine nematodes at the species level, when time and skills allow, as different 

species can be expected to respond differently to the environment Species diversity 

allows the results of one study to be compared to another and also provides some 

indication about the level of disturbance. Ecological diversity measures allow for 

comparison between different sites but show the species response and not the 

community response. Multivariate techniques are required to compare the community 

response from different environments. Therefore, three levels of investigation are 

necessary when investigating the processes that affect nematode patterns, the 

individual response, the species response and the community response. 
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3.2 Results 

3.2.1 Abundance 

Less than 3% of nematodes in this study passed through the larger mesh (45|̂ m) so 

the 32-45 (xm mesh fractions were not used, although they were retained in case they 

were required later. 

3.2.1.1 Comparison Between Sub-Samples 

For ease of reference, cores have been assigned the codes given in Table 3.1. 

Station Series Core New Label 
Number Number 

12695 2 6 400 A 
12695 5 4 400 B 
12695 8 4 400 C 
12685 2 9 700 A 
12685 7 11 700 B 
12685 9 11 700 C 
12725 1 3 1250 A 
12725 3 4 1250 B 
12725 5 1 1250 C 
12687 3 12 3400 A 
12687 5 9 3400 B 
12687 8 6 3400 C 

Table 3.1 New codes assigned to identify individual samples from cruise 211 of RRS 
Discovery for ease of reference. 
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Core Sub-
Sample 

1 

Sub-
Sample 

2 

Sub-
Sample 

3 

Sub-
Sample 

4 

Overlying 
water 

Mean Variance Distribution 

400 A 468 443 430 449 29 448 15.80 Regular 
400 B 422 358 342 417 32 385 40.71 Contagious 
400 C 710 509 897 909 37 756 188.34 Contagious 
700 A 589 767 879 899 10 784 142.08 Contagious 
700 B 868 812 954 899 51 883 59.34 Contagious 
700 C 686 776 630 654 27 687 63.92 Contagious 
1250 A 264 249 225 239 18 244 16.49 Contagious 
1250 B 227 227 237 223 34 229 5.97 Regular 
1250 C 349 403 314 247 1 328 65.38 Contagious 

Table 3,2 Nematode abundance counts from each sub-sample (Individuals/sub 
sample) with predicted means and variance of the mean. Also shown is a description 
of the spatial distribution of nematodes within the sub sampler. The 3400m samples 
are not shown as they were not split using the sample splitter. 

The dispersion of a population can be determined by the relationship between the 

mean and the variance such that if the variance was equal to the mean then it was 

randomly distributed, if the variance was less than the mean it was regularly 

distributed and if the variance was greater than the mean it was contagiously 

distributed (Elliot, 1977). If the nematodes were regularly distributed then one sub 

sample would have been adequate to determine the abundance for the whole core, 

however, if the distribution was contagious it meant that one sub sample could contain 

significantly more (or less) nematodes than another. As the nematodes in most cores 

were contagiously distributed (Table 3.2) more than one sub-sample was required. 
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Core One Two Three Four % % % 
Sub- Sub- Sub- Sub- error error error 

sample samples samples samples when when when 
usmg usmg usmg 
one two three 

400 A 3744 3592 3576 3580 4.6 0.3 0.1 
400 B 3376 3056 2992 3078 9.7 0.7 2.8 
400 C 5680 6428 5643 6050 6.1 6.2 6.7 
700 A 4712 5872 5960 6268 24.8 6.3 4.9 
700 B 6944 7288 7024 7066 1.7 3.1 0.6 
700 C 5488 5264 5579 5492 0.1 4.2 1.6 
1250 A 2112 1956 1968 1954 8.1 0.1 0.7 
1250 B 1816 1856 1843 1828 0.7 1.5 0.8 
1250 C 2792 2652 2843 2626 6.3 1.0 8.3 
MEAN 6.9 2.6 2.9 

Table 3.3 Predicted nematode abundance (individuals/sample) based on estimations if 
less than four sub-samples had been used. The 3400m station was not shown as the 
sub-sampler was not used in the analysis of the samples from this station. 

Table 3.3 shows the error that would be obtained if less than four sub-samples were 

used, assuming that four sub-samples gave the accurate value. Four sub-samples may 

not have given the true count but, as a result of their spacing, the result was accurate 

as it took into account any possible gradients in two directions and thus was self 

correcting. One sub-sample could give an accurate result (for example sample 1250 

B), but it could also be inaccurate if a gradient had been inadvertently set up (for 

example sample 700 A). Two sub-samples were more accurate because if one sub-

sample was at one extreme of the gradient, the opposite sample would have been at 

the other side of the gradient, balancing it out Three sub-samples was slightly less 

accurate than two as it was an unbalanced arrangement, with sub-sample three not 

having a value from the opposite side of the sub-sampler to balance out any gradient. 

If the three sub-samples were spaced evenly about the sub-sampler they would be 

more accurate than two sub-samples. 
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3.2.1.2 Comparison Within Stations 

Depth (m) Core 1 Core 2 Core 3 Mean 
95% 

Confidence 
Intervals 

Variance 
/Mean 

400 2387 1220 1415 1674 707 233 
700 2791 2164 2462 2472 355 40 
1250 773 1030 730 844 184 31 
3400 485 614 382 494 132 27 

Table 3.4 Individual nematode abundance counts from each core (Individuals/1 Ocm )̂, 
showing mean values for each station, 95% confidence levels of the mean and the 
variance standardised to sample size. 

Nematode abundance showed less variability at greater depths, where the mean 

abundance was also reduced (Table 3.4). 

3.2.1.3 Comparison Between Stations 

Water Depth (m) 400 700 1250 
700 f = 0.19 
1250 f = 0.16 f = 0.015 
3400 f = 0.085 P = 0.0094 f = 0.056 

Table 3.5 Probability (P) of the mean nematode abundance at each of the depths 
being significantly different from each other (Student's Mest). Figures in bold 
indicate significant results. 

The nematode abundance at the 700m station was significantly higher than at the 

1250 and 3400m stations but none of the other stations were significantly different 

from each other (Table 3.4, Table 3.5). 

3.2.1.4 Comparison With Other Data 

The correlation of mean nematode abundance and log mean nematode abundance 

with a number of environmental and biological variables are shown in Table 3.6. Log 

abundance, rather than unfransformed abundance, correlated better with depth. A 
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number of other environmental variables might be expected to be depth-linked. 

Therefore, log nematode abundance, as well as abundance was used for analysis with 

environmental variables. 

Description OMZ 
(centre) 

OMZ 
(inside) 

OMZ 
(boundary) 

Deep 
Water 

Pearson correlation with 
Nematode Abundance 

(outside 
OMZ) 

Un-
transformed 

Logio 
transformed 

Station 12695 12685 12725 12687 
Location (Latitude & Longitude) 19°22'N 

58°16' E 
19°19'N 
58°16' E 

19°14'N 
58°31'E 

19°00'N 
59°00' E 

Mean Nematode Abundance 
(ind./10cm^) 

1674 2472 844 494 

Water Depth (m) 400 700 1250 3400 -76.9 -88.3 
Bottom Water Oxygen (mM) 0.13 0.16 0.52 2.99 -0.74 -0.85 
% TOC {0-0.5cm} 4.99 4.03 2.67 2.72 72.8 78.3 
C;N {0-0.5cm} 8.52 9.04 7^2 9.42 7.6 -10.7 
Surface Pigment {0-0.5cm} (ng/g) 770 242 68 185 36.9 45.1 
Hydrogen Index {0-0.5cm} 
(mg hydro carbon/g TOC) 

490 517 423 366 96.4 99.8 

Sediment Characteristics: 
% Sand 22.3 24.5 5&8 21.3 -32.4 -21.1 
Mean Grain Size (pm) 42.2 46.4 79.0 42.8 -32.2 -21.6 
Median Grain Size (nm) 28.7 34.3 42.1 26.5 5.9 14.5 

% CaCOs 55.1 56.7 66.1 39.5 33.5 47.3 
Mean Macrofaunal Abundance 
(ind./m^) 

12363 19096 2354 4286 96.4 

Macrofaima Tube Builders 
(ind.W) 

8184 14246 730 1119 98.1 

Macrofauna Burrowers (ind.W) 4179 4717 1608 3137 78.5 
Macrofauna Epifauna (ind./m^) 0 134 16 30 69.6 
Surface Deposit Feeders (ind.W) 12190 12298 1029 2173 90.4 
Subsurface Deposit Feeders 
(ind.W) 

173 1069 148 1556 -12.3 

Carnivorous Feeders (ind./m^) 0 0 1177 544 -73.6 
Macrofauna Diversity (ES(IOO)) 5.1 11.3 33.6 28.7 -79.9 
Annelids Abundance (ind./m^) 11930 17339 1690 1569 98.3 
Spionidae Abundance (ind./m^) 7741 11569 339 163 98.3 
Cirratulidae Abundance (ind./m^) 3829 3186 200 0 86.7 
Ampharetidae Abundance (ind./m^) 0 469 70 11 79 
Cossuridae Abundance (ind./m^) 248 1174 23 302 80.7 
Sabellidae Abundance (ind./m^) 0 0 23 0 -39.3 
Molluscs Abundance (ind./m^) 0 0 530 724 -93.1 
Crustacea Abundance (ind./m ) 0 1757 66 1389 27.7 
Mean Macrofauna Biomass (g/m^) 15.3 60 3.5 10.6 87.4 
Foraminifera {>63 nm in 0-1 cm} 
Abundance (ind./lOcm^) 

14700 N/A N/A 586 N/A 

Table 3.6 A summary of the characteristics of the four sites used in this study. 
Pearson correlation of the variables with nematode abundance and log] o nematode 
abundance are also shown. Environmental and macrofaunal data from Levin et al. 
(2000) and Gooday et al. (2000) 
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Table 3.6 shows the biotic and abiotic variables at each station. Oxygen 

concentration is lowest at 400m, increasing with increased depth. Oxygen was the 

only factor that significantly correlated with depth. %TOC was highest within the 

OMZ and lowest at the 1250m and 3400m stations. Carbon to Nitrogen ratio was 

highest at the deepest station and lowest at the 1250m station. The same trend was 

shown by the sand content of the sediment, the median grain size and calcium 

carbonate concentration. Surface pigment was highest at the shallowest station and 

lowest at the 1250m station. Food quality, measured as the Hydrogen Index, was 

highest at the 700m station and lowest at the deepest station. Mean grain size was 

highest at the 1250m station and lowest at 400m. The same trend was shown by 

macrofaunal diversity. Total macrofaunal abundance, macrofaunal biomass and the 

abundance of most macrofaunal taxa showed a peak at 700m with the minimum being 

found at 1250m. The abundance of macrofaunal epifauna, Ampharetidae and 

crustaceans was also highest at 700m but none were found in the shallowest station. 

Annelid and Spionidae abundance both showed a peak at 700m but the lowest values 

were found at the deepest station. Macrofaunal carnivores and Molluscs were both 

absent from the OMZ with carnivores occurring in highest densities at 1250m and 

molluscs showing a maximum abundance at the deepest station. The abundance of 

subsurface deposit feeders also showed a maximum at the deepest station but occurred 

least frequently at 1250m. Sabellids were only found at 1250m. Ciratulids ahowed a 

highest abundance at the shallowest station, decreasing in abundance with increased 

depth, with none being found at the deepest station. Foraminifera abundance was 

higher at 400m than at 3400m (Gooday et al., 2000). 

There was a strong correlation between nematode abundance and the hydrogen index 

(Figure 3.1, regression y = - 4310 + 12.7x, r̂  = 93%, P = 0.036 ; Figure 3.2, log y = 

1.01 + 0.00458x, r̂  = 99.6%, P — 0.002). Other measures of organic matter, TOC 

(total organic carbon), carbon-to-nitrogen ratio and surface pigment correlated weakly 

with nematode abundance. The correlation of nematode abundance with oxygen 

levels was poor (Figure 3.3, regression log y = 3.25 - 0.20x, r̂  =72.8%, P = 0.147) as 

was the correlation with physical sediment characteristics (P > 0.05). 
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400 450 500 

Hydrogen Index (mg Hydrocarbon/g TOC) 

Figure 3.1 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon, (individuals/1 Ocm )̂, showing the 95% confidence of the means, against 
mean Hydrogen Index (mg hydrocarbon /g TOC). 
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400 450 500 

Hydrogen Index (mg Hydrocarbon/g TOC) 

550 

Figure 3.2 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon (individuals/1 Ocm )̂, plotted on a logio scale, showing the 95% confidence of 
the means, against mean Hydrogen Index (mg hydrocarbon /g TOC). 
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Oxygen Concentration (ml/l) 

Figure 3.3 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon (individuals/lOcm^), plotted on a logio scale, showing the 95% confidence of 
the means, against mean oxygen concentration (ml/1). 

Nematode abundance showed a strong positive correlation with mean macrofauna 

abundance (Figure 3.4, regression y = 323 + 0.112x, r̂  = 92.9, P = 0.036) but not with 

macrofauna biomass or diversity. Of the macrofauna functional types, only 'tube-

builders' showed a significant regression line (Figure 3.5, y = 560 + 0.136x, r̂  = 96.3, 

P = 0.019). Nematode abundance showed a close correlation with annelid abundance 

(regression y = 474 + 0.112x, r̂  = 96.6, P = 0.017) and with the abundance of the 

most common polychaete family, the Spionidae (Figure 3.6, y = 616 + 0.156x, r̂  -

96.7, P = 0.017). Regression lines for nematode abundance plotted against the 

abundance of other polychaete families were not significant The regression line for 

molluscs was only significant for log nematode abundance (log y = 3.32 - 0.000817x, 

r̂  = 94.0, P = 0.03). 
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Macrofaiina Abundance (Individuals/m ) 

Figure 3.4 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon, (individuals/1 Ocm )̂, showing the 95% confidence of the means, against 
mean macrofaima abundance (individuals/m^). 
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Macro faunal Tube Builder Abundance (Individuals/m^) 

Figure 3.5 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon, (individuals/1 Ocm )̂, showing the 95% confidence of the means, against 
mean number of macrofauna tube builders (individuals^). 
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Figure 3.6 Linear regression of mean nematode abundance in the 0-1 cm sediment 
horizon, (individuals/1 Ocm )̂, showing the 95% confidence of the means, against 
mean number of spionids (individuals/m^). 
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3.2.1.5 Comparison With Archive Abundance Data 

The data from this study were compared to previously published data to determine 

whether the results were different to comparable samples from other studies. Data 

were compared to abundance of nematodes found in the 0-1 cm sediment horizon 

published by Vincx a/. (1994), Lambshead e? a/. (1994) and Teitjen e? a/. (1989). 

The sieve size used in these studies ranged from 32 to SO^m but the error factor this 

introduced was not considered to invalidate the results (Vincx et al, 1994). 

« 2500 

2000 
c: 

X x6 

1000 2000 3000 4000 5000 6000 7000 8000 9000 

Depth (m) 

Figure 3.7 A plot of mean nematode abundance in the 0-1 cm sediment horizon, 
(individuals/1 Ocm )̂, at different depths (m) showing 95% confidence of the mean. 
The sites are, samples from the "Arabesque" study (•) , Bay of Biscay (^), Porcupine 
Seabight (• ) , Eumeli (A), Rockall Trough ( - ) and various other sites (X). The 
various o&er sites are, Ŝan Diego Trough, ^DORA, ̂ BIOTRANS, "̂ Madeira Abyssal 
Plain, Îberic Sea, ^Hatteras Plain and ̂ Puerto Rico Trench. See text for sources of 
data. 
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The abundance for the TOOm station was the highest published nematode abundance 

for the deep sea for the surface 1cm. Some of the published studies employed box 

corers whilst others used multiple corers, as in the present study. Bett et al. (1994) 

investigated the effect of sampler bias in the study of the deep-sea nematodes, 

reporting that box corers were on average only 41% efficient compared to multiple 

corers for the surface 1 cm. Sampling efficiency is affected by a number of factors 

including sediment type and the presence or absence of phytodetritus (Bett et al, 

1994) but standardisation of box corer results by multiplying them by 2.45 probably 

allows for a better comparison between the two sampling methods. 

Nematode abundance tended to decrease logarithmically with depth (Vincx et al., 

1994) so a linear relationship was best shown when the data were plotted on a 

logarithmic scale with singletons removed (Figure 3.8). 

1000 

Depth (m) 

10000 

Figure 3.8 A plot of mean nematode abundance in the 0-1 cm sediment horizon, 
(individuals/1 Ocm )̂, with box cores adjusted (assuming 41% efficiency), at different 
depths (m, log scale) showing 95% confidence of the mean. The sites shown are, 
samples 6om the "Arabesque" study (•) , Bay of Biscay (^), Porcupine Seabight 
(• ) , Eumeli ( ) and Rockall Trough ( - ). Two deep stations from the Puerto Rico 
Trench (x) are shown as deep reference points. See text for sources of data. 
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3.2.2 Diversity Analysis 

Unless otherwise specified, diversity statistics were carried out on the operational 

taxonomic unit 

There is scientific debate regarding the similarities and differences of the Microlaimus 

and Molgolaimus genera (Jensen, 1978), so they have been grouped them into a single 

genus that was listed as Microlaimus!Molgolaimus in Appendix 3. This was because 

incorrect identification, which as a consequence of the descriptions was quite 

possible, could greatly affect the results, whereas grouping would result only in a 

reduced resolution. For higher taxonomic levels Microlaimus/Molgolaimus were 

considered part of the Microlaimidae family. For conformity, this was applied to both 

the data obtained in this study and also to the archived data. 

3.2.2.1 "Arabesque" Data 

In the "Arabesque" samples, two non-marine genera were found, Rhabdolaimus and 

Teratephalaimus. This was because of contamination from some section of the 

processing (before or after treatment) so they have been excluded from the analysis. 

The number of contamination species was always below 5%. 

400m 700m 1250m 3400m 
Mean number of species per 21.67 29 42 46.33 
replicate {95% confidence intervals} {±3.64} {±4.08} {±2.99} {±2.36} 
Total number of species per station 44 58 95 103 
Mean number of genera per replicate 7.33 12 15.33 20 
{95% confidence intervals} {±0.65} {±1.13} {±0.65} {±4.08} 
Total number of genera per station 11 20 23 32 
Mean number of families per 7.67 10 14.33 14.67 
replicate {95% confidence intervals} {±1.73} {N/A} {±3.65} {±1.73} 
Total number of families per station 11 12 17 20 

Table 3.7 Species, generic and family richness results for the stations used in the 
"Arabesque" study. 
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Mean generic richness was significantly linearly correlated with species richness 

(Table 3.7, regression y = 0.455Ix - 2.5106, r̂  = 94.3%, P = 0.029). Mean family 

richness was also significantly linearly correlated with species richness (Table 3.7, 

regression y - 0.2967x + 1.3576, r̂  - 98.7%, P = 0.007). Therefore, only species 

richness will be used to look at other correlations. 
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Table 3.8 Percentage abundance of each genus for each station, listed in order of 
dominance for each station. Genera common to all stations are shown in red. 
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Six genera were common to all stations with the Microlaimus/Molgolaimus complex 

always being one of the top two genera, always accounting for a minimum of almost 

30% (Table 3.8). 
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Table 3.9 Percentage abundance of each family for each station, listed in order of 
dominance for each station. Families common to all stations are shown in red. 
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Nine families were common to all stations. All families have been found in shallow 

water elsewhere in the world (Piatt and Warwick, 1983, 1988; Warwick et al, 1998) 
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Figure 3.9 Regression of mean species richness (number of species / 100 animals 
examined), showing the 95% confidence of the means, against depth (m). Two fitted 
trend lines are shown (see text for details). 

Figure 3.9 shows two trend lines. One was the exponential trend (black line) that was 

the best fit to the data (regression y = 47.275 (1 - e / = 98.1%, P = 0.009). 

The second trendline (red line) was a quadratic trend that has a higher r̂  value 

(regression y = 8.02 + 0.036x - 0.000007x^, r̂  = 99.8%, P = 0.043). 
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Oxygen Concentration (m]/l) 

Figure 3.10 Regression of mean species richness (nnmber of species /100 animals 
examined), showing the 95% confidence of the means, against oxygen concentration 
(ml/1). 

The line of best fit of species richness against oxygen concentration appeared to show 

most influence occurring when oxygen concentration falls below about 0.5ml/l 

(Figure 3.10, regression y = 47.95 - {3.26 / x}, r̂  = 99.0%, P = 0.005). 
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Figure 3.11 Regression of mean species richness (number of species /100 animals 
examined), showing the 95% confidence of the means, against % Total Organic 
Carbon. 

An increase in %TOC was significantly linearly correlated with a decrease in 

diversity (Figure 3.11, regression y = 70.8 - lOx, r̂  = 96.2%, P - 0.019). This trend 

was also shown by other food measures (Hydrogen Index and surface pigment) but 

with not as good a fit. 
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Carbon: Nitrogen Ratio 

Figure 3.12 Regression of mean species richness (number of species /100 animals 
examined), showing the 95% confidence of the means, against Carbon-to-Nitrogen 
Ratio. 

Minimum species richness occurred at intermediate values of C:N ratio (Figure 3.12, 

parabolic regression y = 35.25x^ - 604.9x + 2617, r̂  = 100%, P = 0.002). 
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Macrofaunal Diversity (ES{100}) 

Figure 3.13 Regression of mean species richness (number of species / 100 animals 
examined), showing the 95% confidence of the means, against macrofaunal 
rarefaction (ES{100}). 

An increase in macrofauna species richness (measured as ES{100}) corresponded 

with an increase in nematode species richness (Figure 3.13, regression y = 0.796x + 

19.08, r̂  = 90.5%, P = 0.049). 
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Figure 3.14 Rarefaction plot of "Arabesque" species data, based on means from each 
station. The 400m station is shown in red, the 700m station in blue, the 1250m station 
in green and the 3400m station in black. 

Oxygen concentrations above 0.52ml/l did not appear to affect species richness as the 

1250m station had similar species richness to the 3400m station (Figure 3.14). 

However, below oxygen concentrations of 0.16 ml/1 species richness correlated with 

oxygen concentration, with the lowest species richness corresponding with the lowest 

oxygen concentrations. 

400m 700m 1250m 3400m 
ES(71) {95% Confidence intervals) 19.40 

{±3.29} 
25.23 

{±3.19} 
38.15 

{±3.64} 
40.94 

{±1.93} 
Mean Shannon H' log base 2 {95% 
Confidence intervals} 

3.76 
{±0.24} 

4.20 
{±0.26} 

4.92 
{±0.25} 

5.01 
{±0.28} 

Simpson's Diversity {95% 
Confidence intervals) 

0.099 
{±0.007} 

0.079 
{±0.015} 

0.049 
{±0.014} 

0.052 
{±0.020} 

Table 3.10 Ecological diversity results for nematode communities from the 
"Arabesque" study. 
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Mean ES{71} was significantly linearly correlated with mean Shannon H' (Table 

3.10 and Figure 3.15, regression y = 17.16x - 45.818, r̂  = 99.3%, P - 0.004). Mean 

Simpson's Index was significantly negatively linearly correlated with mean Shannon 

H' (Table 3.10 and Figure 3.15, regression y = 0.2459 - 0.0394x, r̂  = 98.5%, P -

0.007). Therefore, only mean Shannon H' will be used to look at other correlations. 

O- CA 

Nematode Species Diversity (Shannon H {Base 2}) 

Figure 3.15 A comparison of the mean Shannon H' {base 2}, ES{71} (blue) and 
Simpson's Index (red) for nematode communities from the "Arabesque" study, 
showing the 95% confidence of the means. 
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Species Richness (Number of Species/100 Animals Examined) 

Figure 3.16 Linear regression of mean Shannon H' diversity {base 2} for nematode 
communities from the "Arabesque" study, showing the 95% confidence of the means, 
against mean species richness (species count/100 animals examined). 

As expected, as species richness increased, nematode Shannon index increased 

(Figure 3.16, regression y = 0.0521x + 2.66, r̂  = 99.0%, P = 0.005). 
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Figure 3.17 Linear regression of mean Shannon H' diversity {base 2} for nematode 
communities from the "Arabesque" study, showing the 95% confidence of the means, 
against cirratulid abundance. 

An increase in cirratulid abundance was significantly linearly correlated with a 

reduction in nematode diversity (Figure 3.17, regression y = 5.0068 - 0.0003x, r̂  = 

97.0%, P = 0.015). 
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Figure 3.18 Linear regression of mean Shannon H' diversity {base 2} for nematode 
communities from the "Arabesque" study, showing the 95% confidence of the means, 
against mean Shannon H' diversity {base 2} of macrofaima. 

Nematode diversity and macrofauna diversity v̂ ere significantly linearly correlated in 

the "Arabesque" study (Figure 3.18, regression y = 0.3163x + 3.3258, r̂  = 96.7%, P = 

0.017). 
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Figure 3.19 Z-dominance plot of mean nematode species data for each station in the 
"Arabesque" study. The 400m station is shown in red, the 700m station in blue, the 
1250m station in green and the 3400m station in black. 

The ^-dominance curve for 400m lies above that for 700m and both lie above those 

for 1250m and 3400m (Figure 3.19). The 400m station was the least diverse and the 

1250m and 3400m stations are the most diverse. All of the A:-domrnance curves 

originated from very similar points at a low dominance indicating that none of the 

stations are greatly dominated by one species (Figure 3.19). However, the most 

dominant 7 species from 400m contributed over 72% of the abundance compared to 

52%, 36% and 39% contributed by the dominant 7 species from 700m, 1250m and 

3400m respectively. 
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Figure 3.20 AT-dominance plot of mean nematode generic data for each station in the 
"Arabesque" study. The 400m station is shown in red, the 700m station in blue, the 
1250m station in green and the 3400m station in black. 
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Family Rank 

Figure 3.21 AT-dominance plot of mean nematode family data for each station in the 
"Arabesque" study. The 400m station is shown in red, the 700m station in blue, the 
1250m station in green and the 3400m station in black. 

The A:-dominance plots for the samples at the genus level (Figure 3.20) and family 

level (Figure 3.21) showed the same trends as that for the species level (Figure 3.19). 
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Figure 3.22 Cluster analysis of the untransformed "Arabesque" species data, 
showing all replicates. The similarity matrix was constructed with Bray-Curtis 
similarity and group average clustering was used for cluster analysis. 

At the species level, the first break in the communities separated the 400m and 700m 

stations from the deeper stations (Figure 3.22). The next break along each branch 

separated the replicates into their individual stations (Figure 3.22). The deeper 

stations (1250m and 3400m) were more heterogeneous, both between stations and 

within stations, than the shallower stations. This was shown by the reduced similarity 

both within and between the stations at 1250m and 3400m compared to 400m and 

700m (Figure 3.22). This could be as a consequence of the samples being taken from 

fiirther apart spatially at the deeper depths as a consequence of the ftirther distance 

from the ship to the sample depth. The break into the two groups corresponded with 

0.5ml/l oxygen concentration, above which oxygen appeared to have no effect on 

diversity (Figure 3.10). However, with this data it was impossible to separate the 

effects of oxygen and depth as the break also could be explained by a change in 

communities at 1000m. 
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Figure 3.23 Cluster analysis of the fourth root transformed "Arabesque" species data, 
showing all replicates. The similarity matrix was constructed with Bray-Curtis 
similarity and group average clustering was used for cluster analysis. 

Although transformation of the species data affected which sites within each 

individual station had a higher level of similarity to each other (Figure 3.23), analysis 

was the same as for the untransformed data (Figure 3.22). 
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Figure 3.24 Cluster analysis of the untransformed "Arabesque"generic data, showing 
all replicates. The similarity matrix was constructed with Bray-Curtis similarity and 
group average clustering was used for cluster analysis. 

Cluster analysis of the untransformed "Arabesque" generic data (Figure 3.24) showed 

the same initial split into the two shallower stations and the two deeper stations as the 

species data (Figure 3.22). After this initial break the remaining groups in Figure 3.24 

were less distinct than in Figure 3.22, with the exception of the 400m station which 

still remained a group. 
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Figure 3.25 Cluster analysis of the 4"' root transformed "Arabesque" generic data, 
showing all replicates. The similarity matrix was constructed wi& Bray-Curtis 
similarity and group average clustering was used for cluster analysis. 

Fourth root transformation did not affect the analysis of the generic community 

structure (Figure 3 . 2 5 and Figure 3 . 2 4 ) . 
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Figure 3.26 Cluster analysis of the xmtransformed "Arabesque'Tamily data, showing 
all replicates. The similarity matrix was constructed with Bray-Curtis similarity and 
group average clustering was used for cluster analysis. 

Although at the family level, the shallow stations still formed distinct clusters (Figure 

3.26), the deeper stations were less distinct than at the generic level (Figure 3.24). 

However, the first group to separate did contain two of the three normoxic stations 

and the remaining large group contained all but one of the reduced oxygen 

environments. 
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Figure 3.27 Cluster analysis of the 4^ root transformed "Arabesque" family data, 
showing all replicates. The similarity matrix was constructed with Bray-Curtis 
similarity and group average clustering was used for cluster analysis. 

The initial split in the cluster analysis of the fourth root transformed "Arabesque" 

family data was into the shallow stations and the deeper stations with the shallow 

stations forming individual groups for each station (Figure 3.27). The deeper stations 

were less distinct but split into the two stations with the exception of 3400B. 
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Figure 3.28 Principal Component Analysis (PCA) of the untransformed "Arabesque' 
species data. 

PCA axis % Variation Cumulative % variation 
1 35.6 35 j 
2 17.3 52.9 
3 12.9 65^ 
4 9.5 75.3 
5 6.3 81.6 

Table 3.11 Variation accounted for by each axis in the PCA of untransformed 
"Arabesque"species data. 

The first axis of PCA of the untransformed "Arabesque" species data accounted for 

less than 36% of the total variation (Table 3.11), meaning that there is not a single 

controlling factor on the distribution. The first five axes account for less than 82% of 

the variation, meaning that there are many co-influencing factors. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) 0.733 -0.225 -0.455 -0.195 0.239 
Bottom Water Oxygen (ml/1) 0.635 -0.292 -0.509 -0.217 0.243 
Mean Nematode Abundance 
(ind./10cm^) 

-0.687 0.601 0.011 0.066 -0.306 

% TOC (0-0.5cm} -0.98 -0.085 -0.006 0.02 -0.168 
C:N {0-0.5cm} -0.026 0.082 -0.801 -0.249 0.018 
Surface Pigment {0-0.5cm} (|ig/g) -0.871 -0.441 -0.01 -0.023 -0.04 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.811 0.403 0.149 0.119 -0.289 

% Sand 0.505 0.104 0.676 0.213 0.029 
Mean Grain Size (|im) 0.532 0.134 0.657 0.21 0.026 
Median Grain Size (|im) 0.316 0.406 0.639 0.241 -0.097 
% CaC03 -0.135 0.288 0.724 0.27 -0.155 
Mean Macrofauna Abundance 
(ind./m^) 

-0.752 0.469 -0.235 0 -0.274 

Macrofauna Tube Builders (ind./m^) -0.738 0.507 -0.182 0.02 -0.286 
Macrofauna Burrowers (ind./m^) -0.763 0.225 -0.455 -0.098 -0.I9I 
Macrofauna Epifauna (ind./m^) -0.108 0.804 -0.318 -0.011 -0.242 
Surface Deposit Feeders (ind./m^) -0.925 0.206 -0.139 0.008 -0.236 
Subsurface Deposit Feeders (ind./m^) 0.345 0.214 -0.74 -0.227 0.049 
Carnivorous Feeders (ind./m^) 0.824 -0.097 0.422 0.099 0.166 
Macrofauna Diversity (ES(IOO)) 0.961 -0.03 0.145 0.013 0.19 
Aimelids Abundance (ind./m^) -0.804 0.438 -0.138 0.029 -0.281 
Spionidae Abundance (ind./m^) -0.807 0.435 -0.132 0.031 -0.281 
Cirratulidae Abundance (ind./m^) -0.962 0.116 -0.016 0.039 -0.224 
Ampharetidae Abundance (ind./m^) -0.199 0.827 -0.159 0.045 -0.276 
Cossuridae Abundance (ind./m^) -0.348 0.695 -0.397 -0.041 -0.252 
Sabellidae Abundance (ind./m^) 0.535 0.044 0.668 0.203 0.053 
Molluscs Abundance (ind./m^) 0.909 -0.256 -0.085 -0.085 0.261 
Crustacea Abundance (ind.W) 0.16 0.542 -0.651 -0.156 -0.091 
Mean Macrofauna Biomass (g/m^) -0.419 0.705 -0.309 -0.009 -0.274 

Table 3.12 Correlation of various environmental factors with the first 5 axes of the 
PC A of untransformed "Arabesque" species data. 

The correlation of all environmental variables v̂ ith each of the axes of the PCA of the 

untransformed species data is shown in Table 3.12. Important correlation are 

highlighted on the following pages. 
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Figure 3.29 Linear regression of the first axis of the PCA of the untransformed 
"Arabesque" species data on the strongest correlator, which was %TOC. The 400m 
station is shown in red, the 700m station in blue, the 1250m station in green and the 
3400m station in black. 

The position of samples on axis 1 of the PCA of untransformed "Arabesque" species 

data was best explained (in the statistical sense) by %TOC with an increase in %TOC 

significantly linearly correlating with a decrease in axis 1 (Figure 3.29, regression y = 

44.5 - 12.4x, r̂  = 96.0%, P < 0.001). 
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Figure 3.30 Principal Component Analysis (PCA) of fourth root transformed 
"Arabesque" species data. 

PCA axis % Variation Cumulative % variation 
1 23J2 23^ 
2 13.9 37.0 
3 11.1 48.1 
4 9.3 57.4 
5 9.1 6 6 j 

Table 3.13 Variation accounted for by each axis in the PCA of fourth root 
transformed "Arabesque" species data. 

The first axis of PCA of the fourth root transformed "Arabesque" species data 

accounted for less than 24% of the total variation (Table 3.13), meaning that there is 

not a single controlling factor on the distribution. The first five axes account for less 

than 67% of the variation, meaning that there are many co-influencing factors. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) 0.852 -0.416 -0.189 -0.05 -0.158 
Bottom Water Oxygen (ml/1) 0.795 -0.514 -0.235 -0.069 -0.15 
Mean Nematode Abundance 
(ind./10cm^) 

-0.886 0.029 0.051 0.154 -0.018 

% TOC {0-0.5cm} -0.895 -0.223 -0.085 -0.044 0.101 
C:N {0-0.5cm} 0.03 -0.828 -0.268 -0.024 -0.307 
Surface Pigment {0-0.5cm} (^ig/g) -0.631 -0.324 -0.187 -0.115 0.192 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.971 0.135 0.127 0.07 0.005 

% Sand 0.358 0.849 0.306 0.069 0.171 
Mean Grain Size (p,m) 0.371 0.844 0.31 0.075 0.153 
Median Grain Size (|j,m) 0.046 0.873 0.372 0.125 0.087 
% CaC03 -0.341 0.837 0.341 0.092 0.188 
Mean Macrofauna Abundance 
(ind./m^) 

-0.901 -0.24 0.011 0.066 -0.156 

Macrofauna Tube Builders (ind./m^) -0.91 -0.169 0.042 0.076 -0.149 
Macrofauna Burrowers (ind./m^) -0.776 -0.555 -0.142 0.004 -0.164 
Macrofauna Epifauna (ind./m^) -0.427 -0.092 0.119 0.148 -0.333 
Surface Deposit Feeders (ind./m^) -0.958 -0.257 -0.043 0.011 -0.033 
Subsurface Deposit Feeders (ind./m^) 0.318 -0.648 -0.184 0.016 -0.353 
Carnivorous Feeders (ind./m ) 0.78 0.575 0.173 0.023 0.111 
Macrofauna Diversity (ES(IOO)) 0.913 0.33 0.1 0.027 -0.018 
Annelids Abundance (ind./m^) -0.947 -0.157 0.034 0.063 -0.108 
Spionidae Abundance (ind.W) -0.95 -0.152 0.035 0.062 -0.105 
Cirratulidae Abundance (ind./m^) -0.967 -0.165 -0.028 -0.002 0.039 
Ampharetidae Abundance (ind./m^) -0.543 0.066 0.178 0.158 -0.275 
Cossuridae Abundance (ind./m^) -0.598 -0.259 0.044 0.115 -0.311 
Sabellidae Abundance (ind./m^) 0.413 0.827 0.287 0.057 0.183 
Molluscs Abundance (ind./m^) 0.991 0 -0.054 -0.033 -0.032 
Crustacea Abundance (ind. W ) -0.016 -0.481 -0.064 0.084 -0.399 
Mean Macrofauna Biomass (g/m^) -0.681 -0.176 0.075 0.12 -0.276 

Table 3.14 Correlation of various environmental factors with the first 5 axes of the 
PCA of fourth root transformed "Arabesque" species data. 

The correlation of all environmental variables with each of the axes of the PCA of the 

fourth root transformed species data is shown in Table 3.14. Important correlation are 

highlighted on the following pages. 
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Figure 3.31 Linear regression of the first axis of the PC A of the fourth-root 
transformed "Arabesque" species data on the strongest correlator, which was mollusc 
abundance (Individuals/m^). The 400m station is shown in red, the 700m station in 
blue, the 1250m station in green and the 3400m station in black. 

Mollusc abundance was the environmental factor which correlated most significantly 

with the position of samples on axis 1 of the PCA of fourth root transformed 

"Arabesque" species data (Figure 3.31, regression y = 0.00887x - 2.78, r̂  = 98.2%, P 

<0.001). 
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Median Gram Size (|J,m) 

Figure 3.32 Linear regression of the second axis of the PCA of the fourth-root 
transformed "Arabesque" species data on the strongest correlator, which was median 
grain size (|J.m). The 400m station is shown in red, the 700m station in blue, the 
1250m station in green and the 3400m station in black. 

An increase in grain size significantly linearly correlated with a increase in the 

position of samples on axis 2 of the PCA of fourth root transformed "Arabesque' 

species data (Figure 3.32, regression y = 0.322x - 10.6, r̂  = 76.3%, P < 0.001). 
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Figure 3.33 Principal Component Analysis (PCA) of the untransformed "Arabesque'' 
generic data. 

PCA axis % Variation Cumulative % variation 
1 58U6 5 8 . 6 

2 1 8 . 2 7&8 
3 9 . 0 85 j 
4 6 . 3 9 2 . 1 

5 3 . 0 9 5 . 1 

Table 3.15 Variation accounted for by each axis in the PCA of untransformed 
"Arabesque"generic data. 

The first axis of PCA of the untransformed "Arabesque" generic data accounted for 

almost 60% of the total variation (Table 3.15), meaning that there the first axis of the 

PCA plot can be confidently explained by a single factor. This is one of the two PCA 

plots (along with Table 3.19) that can be explained by the least number of 

environmental variables. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) 0.811 -0.002 0.108 -0.055 0.429 
Bottom Water Oxygen (ml/1) 0.736 0.058 0.087 -0.066 0.482 
Mean Nematode Abundance 
(ind./10cm^) 

-0.696 0.274 0.415 -0.018 -0.338 

% TOC {0-0.5cm} -0.912 0.335 -0.081 -0.017 -0.07 
C:N {0-0.5cm} 0.169 0.5 0.496 -0.074 0.276 
Surface Pigment {0-0.5cm} (p,g/g) -0.79 0.264 -0.328 -0.044 0.177 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.818 0.23 0.184 0.037 -0.427 

% Sand 0.301 -0.572 -0.284 0.08 -0.282 
Mean Grain Size (|am) 0.329 -0.567 -0.252 0.081 -0.29 
Median Grain Size (|im) 0.117 -0.455 -0.055 0.098 -0.486 
% CaC03 -0.321 -0.362 -0.196 0.092 -0.504 
Mean Macrofauna Abundance 
(ind.W) 

-0.672 0.449 0.443 0.005 -0.303 

Macrofauna Tube Builders (ind./m^) -0.673 0.416 0.441 0.013 -0.347 
Macrofauna Burrowers (ind./m^) -0.614 0.561 0.39 -0.036 -0.056 
Macrofauna Epifauna (ind./m^) -0.066 0.308 0.741 0.029 -0.402 
Surface Deposit Feeders (ind.W) -0.843 0.424 0.199 -0.008 -0.196 
Subsurface Deposit Feeders Tind-Zm̂ ) 0.494 0.348 0.565 -0.053 0.213 
Carnivorous Feeders (ind./m) 0.673 -0.55 -028 0.043 -0.006 
Macrofauna Diversity (ES(IOO)) 0.866 -0.423 -0.077 0.022 0.083 
Annelids Abundance (ind./m^) -0.743 0.405 0.366 0.011 -0.33 
Spionidae Abundance (ind./m'̂ ) -0.747 0.402 0.361 0.012 -0.331 
Cirratulidae Abundance (ind./m^) -0.903 0.355 0.068 -0.003 -0.193 
Ampharetidae Abundance (ind./m^) -0.192 0.247 0.668 0.045 -0.494 
Cossuridae Abundance (ind./m^) -0.265 0.428 0.701 0.01 -0.33 
Sabellidae Abundance (ind./m^) 0.334 -0.584 -0.322 0.075 -0.236 
Molluscs Abundance (ind./m^) 0.886 -0.289 -0.112 -0.019 0.319 
Crustacea Abundance (ind.W) 0.281 0.391 0.744 -0.021 -0.059 
Mean Macrofauna Biomass (g/m^) -0.354 0.401 0.659 0.019 -0.382 

Table 3.16 Correlation of various environmental factors with the first 5 axes of the 
PC A of untransformed "Arabesque" generic data. 

The correlation of all environmental variables with each of the axes of the PC A of the 

untransformed generic data is shown in Table 3.16. Important correlation are 

highlighted on the following pages. 
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Figure 3.34 Linear regression of the first axis of the PCA of the untransformed 
"Arabesque" generic data on the strongest correlator, which was % TOC. The 400m 
station is shown in red, the 700m station in blue, the 1250m station in green and the 
3400m station in black. 

The environmental variable with the strongest relationship with the position of 

samples on axis 1 of the PCA of untransformed "Arabesque" generic data was %TOC 

(Figure 3.34, regression y = 54.0 -15.Ox, r̂  = 83.2%, P < 0.001). 
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Figure 3.35 Linear regression of the second axis of the PCA of the imtransformed 
"Arabesque" generic data on the strongest correlator, which was % sand. The 400m 
station is shown in red, the 700m station in blue, the 1250m station in green and the 
3400m station in black. 

The position of samples on axis 2 of the PCA of untransformed "Arabesque" generic 

data was best explained by % sand although the relationship was not significant 

(Figure 3.35, regression y = 10.7 - 0.343x, r̂  = 32.8%, P = 0.052). 
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Figure 3.36 Principal Component Analysis (PCA) of fourth root transformed 
"Arabesque" generic data. 

PCA axis % Variation Cumulative % variation 
1 35.4 35.4 
2 13.7 49.1 
3 12.8 61.9 
4 9.3 71.2 
5 7.7 79.0 

Table 3.17 Variation accounted for by each axis in the PC A of fourth root 
transformed "Arabesque" generic data. 

The first axis of PCA of the fourth root transformed "Arabesque" species data 

accounted for less than 36% of the total variation (Table 3.17), meaning that there is 

not a single controlling factor on the distribution. The first five axes account for less 

than 80% of the variation, meaning that there are many co-influencing factors. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) 0.804 0.32 -0.309 0.196 -0.099 
Bottom Water Oxygen (ml/1) 0.742 0.405 -0.329 0.235 -0.174 
Mean Nematode Abundance 
(ind./10cm^) 

-0.907 -0.046 -0.149 -0.192 0.196 

% TOC {0-0.5cm} -0.887 0.21 0.051 0.008 -0.261 
C:N {0-0.5cm} -0.008 0.64 -0.618 0.021 -0.16 
Surface Pigment (0-0.5cm} (|ig/g) -0.644 0.313 0.133 0.214 -0.458 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.929 -0.113 0.039 -0.274 0.114 

% Sand 0.393 -0.685 0.461 -0.095 0.343 
Mean Grain Size (p,m) 0.407 -0.684 0.439 -0.11 0.363 
Median Grain Size ((xm) 0.099 -0.722 0.365 -0.271 0.479 
% CaC03 -0.284 -0.671 0.474 -0.23 0.333 
Mean Macrofauna Abundance 
(ind.W) 

-0.876 0.173 -0.267 -0.276 0.068 

Macrofauna Tube Builders (ind./m^) -0.881 0.114 -0.237 -0.301 0.108 
Macrofauna Burrowers (ind./m^) -0.777 0.438 -0.37 -0.12 -0.139 
Macrofauna Epifauna (ind./m^) -0.397 0.012 -0.434 -0.431 0.389 
Surface Deposit Feeders (ind./m^) -0.941 0.212 -0.123 -0.143 -0.105 
Subsurface Deposit Feeders (ind./m^) 0.285 0.478 -0.618 -0.044 0.016 
Carnivorous Feeders (ind./m) 0.786 -0.465 0.311 0.053 0.223 
Macrofauna Diversity (ES(IOO)) 0.905 -0.283 0.083 0.044 0.223 
Annelids Abundance (ind./m^) -0.918 0.112 -0.185 -0.269 0.063 
Spionidae Abundance (ind./m^) -0.921 0.108 -0.179 -0.268 0.062 
Cirratulidae Abundance (ind./m^) -0.948 0.148 -0.008 -0.104 -0.137 
Ampharetidae Abundance (ind./m^) -0.502 -0.11 -0.319 -0.462 0.425 
Cossuridae Abundance (ind./m^) -0.575 0.158 -0.458 -0.373 0.251 
Sabellidae Abundance (uid./m^) 0.444 -0.664 0.47 -0.06 0.311 
Molluscs Abundance (ind./m^) 0.959 -0.007 -0.031 0.189 0.014 
Crustacea Abundance (ind.W) -0.023 0.328 -0.627 -0.244 0.2 
Mean Macrofauna Biomass (g/m^) -0.652 0.094 -0.393 -0.389 0.265 

Table 3.18 Correlation of various environmental factors with the first 
PCA of fourth root transformed "Arabesque" generic data. 

5 axes of the 

The correlation of all environmental variables with each of the axes of the PCA of the 

fourth root transformed generic data is shown in Table 3.18. Important correlation are 

highlighted on the following pages. 

Page 109 



% 

'x < 
§ 
§ 

1/1 o 

2 -

e 0 -

- 2 

-3 

0 100 200 300 400 500 600 700 800 

Mollusc Abundance (Individuals/m^) 

Figure 3.37 Linear regression of the first axis of the PC A of the fourth-root 
transformed "Arabesque" generic data on the strongest correlator, which was mollusc 
abundance (IndividualsW). The 400m station is shown in red, the 700m station in 
blue, the 1250m station in green and the 3400m station in black. 

An increase in mollusc abundance significantly linearly correlated with a decrease in 

the position of samples along axis 1 of the fourth root transformed "Arabesque" 

generic data (Figure 3.37, regression y = 0.00582x - 1.83, r̂  = 92.8%, P < 0.001). 
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Figure 3.38 Linear regression of the second axis of the PCA of the fourth-root 
transformed "Arabesque" generic data on the strongest correlator, which was median 
grain size (Individuals/m^). The 400m station is shown in red, the 700m station in 
blue, the 1250m station in green and the 3400m station in black. 

The position of samples on axis 2 of the PCA of fourth root transformed "Arabesque'' 

generic data was best correlated with grain size (Figure 3.38, regression y = 4.78 -

0 . 1 4 5 X , r^ = 5 2 . 1 % , P = 0 . 0 0 8 ) . 
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Figure 3.39 Principal Component Analysis (PCA) of the untransformed "Arabesque'' 
family data. 

PCA axis % Variation Cumulative % variation 
1 56.5 56.5 
2 19.5 76.0 
3 11.4 87.4 
4 4.4 91.8 
5 3.3 95.2 

Table 3.19 Variation accounted for by each axis in the PCA of untransformed 
"Arabesque"family data. 

The first axis of PCA of the untransformed "Arabesque" family data accounted for 

almost 60% of the total variation (Table 3.19), meaning that the first axis of the PCA 

plot can be confidently explained by a single factor. This is one of the two PCA plots 

(along with Table 3.15) that can be explained by the least number of environmental 

variables. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) -0.099 0.675 0.459 -0.171 -0.049 
Bottom Water Oxygen (ml/1) -0.126 0.698 0.364 -0.223 -0.024 
Mean Nematode Abundance 
(ind./lOcm^) 

-0.424 -0.363 -0.546 0.423 -0.141 

% TOC {0-0.5cm} -0.164 -0.334 -0.777 -0.089 0.151 
C:N {0-0.5cm} -0.741 0.556 -0.163 -0.049 0.063 
Surface Pigment {0-0.5cm} (|ug/g) 0.068 -0.183 -0.736 -0.308 0.167 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.286 -0.532 -0.556 0.242 0.07 

% Sand 0.625 -0.341 0.536 0.167 -0.139 
Mean Grain Size (^m) 0.597 -0.327 0.557 0.184 -0.144 
Median Grain Size (iim) 0.374 -0.475 0.418 0.344 -0.135 
% CaC03 0.42 -0.67 0.067 0.265 -0.066 
Mean Macrofauna Abundance 
(ind./m^) 

-0.642 -0.247 -0.575 0.237 0.088 

Macrofauna Tube Builders (md./m^) -0.616 -0.292 -0.55 0.268 0.078 
Macrofauna Burrowers (ind./m^) -0.687 -0.016 -0.655 0.057 0.129 
Macrofauna Epifauna (ind./m^) -0.774 -0.048 -0.047 0.459 -0.029 
Surface Deposit Feeders (ind.W) -0.44 -0.303 -0.724 0.079 0.128 
Subsurface Deposit Feeders (ind./m^) -0.688 0.609 0.155 0.054 -0.008 
Carnivorous Feeders (ind./m ) 0.596 0.024 0.712 0.021 -0.147 
Macrofauna Diversity (ES(IOO)) 0.348 0.259 0.775 0.034 -0.15 
Annelids Abundance (ind./m^) -0.551 -0.329 -0.601 0.228 0.09 
Spionidae Abundance (ind./m^) -0.545 -0.334 -0.603 0.227 0.09 
Cirratulidae Abundance (ind./m^) -0.289 -0.38 -0.741 0.036 0.132 
Ampharetidae Abundance (ind./m^) -0.672 -0.205 -0.085 0.49 -0.031 
Cossuridae Abundance (ind./m^) -0.828 -0.046 -0.263 0.373 0.022 
Sabellidae Abundance (ind./m^) 0.661 -0.307 0.55 0.129 -0.138 
Molluscs Abundance (ind./m^) 0.274 0.477 0.663 -0.138 -0.103 
Crustacea Abundance (ind./m^) -0.846 0.376 0.067 0.264 -0.017 
Mean Macrofauna Biomass (g/m^) -0.775 -0.14 -0.301 0.388 0.024 

Table 3.20 Correlation of various environmental factors with the first 5 axes of the 
PC A of untransformed "Arabesque" family data. 

The correlation of all environmental variables with each of the axes of the PC A of the 

untransformed family data is shown in Table 3.20. Important correlation are 

highlighted on the following pages. 
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Figure 3.40 Linear regression of the second axis of the PCA of the untransformed 
"Arabesque" family data on the strongest correlator, which was oxygen concentration 
(ml/1). The 400m station is shown in red, the 700m station in blue, the 1250m station 
in green and the 3400m station in black. 

The position of samples on axis 2 of the PCA of untransformed "Arabesque" family 

data was most strongly correlated with oxygen concentration (Figure 3.40, regression 

y = 5.09x - 4.83, r̂  = 48.7%, P = 0.012). 
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Figure 3.41 Principal Component Analysis (PCA) of fourth root transformed 
"Arabesque" family data. 

PCA axis % Variation Cumulative % variation 
1 3&3 383 
2 15.3 53.6 
3 12.5 66.1 
4 7.9 74.0 
5 6.9 8&9 

Table 3.21 Variation accounted for by each axis in the PCA of fourth root 
transformed "Arabesque" family data. 

The first axis of PCA of the fourth root transformed "Arabesque" family data 

accounted for less than 39% of the total variation (Table 3.21), meaning that there is 

not a single controlling factor on the distribution. The first five axes account for only 

80% of the variation, meaning that there are many co-influencing factors. 
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Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 
Water Depth (m) 0.79 -0.367 -0.246 -0.042 0.073 
Bottom Water Oxygen (ml/1) 0.717 -0.456 -0.197 -0.063 0.098 
Mean Nematode Abundance 
(ind./10cm^) 

-0.863 0.043 -0.344 0.169 -0.099 

% TOC {0-0.5cm} -0.924 -0.197 0.303 -0.056 0.09 
C:N {0-0.5cm} -0.039 -0.679 -0.51 -0.017 0.265 
Surface Pigment {0-0.5cm} (ug/g) -0.704 -0.318 0.568 -0.131 0.071 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.918 0.153 -0.053 0.066 0.038 

% Sand 0.447 0.717 0.171 0.071 -0.264 
Mean Grain Size (̂ im) 0.462 0.716 0.129 0.078 -0.259 
Median Grain Size (p,m) 0.167 0.769 -0.053 0.13 -0.225 
% CaC03 -0.234 0.725 0.201 0.09 -0.215 
Mean Macrofauna Abundance 
(uid.W) 

-0.876 -0.152 -0.337 0.066 0.16 

Macrofauna Tube Builders (ind./m^) -0.875 -0.088 -0.342 0.077 0.142 
Macrofauna Burrowers (ind./m'̂ ) -0.805 -0.439 -0.257 0.002 0.225 
Macrofauna Epifauna (ind./m^) -0.356 0.008 -0.814 0.161 0.136 
Surface Deposit Feeders (ind./m^) -0.961 -0.194 -0.025 0.005 0.137 
Subsurface Deposit Feeders (ind./m^) 0.278 -0.515 -0.674 0.029 0.215 
Carnivorous Feeders (ind./m ) (1823 0.469 0.118 0.028 -0.217 
Macrofauna Diversity (ES(IOO)) 0.94 0.273 -0.126 0.036 -0.137 
Annelids Abundance (ind./m^) -0.918 -0.086 -0.244 0.061 0.132 
Spionidae Abundance (ind./m^) -0.92 -0.082 -0.238 0.061 0.13 
Cirratulidae Abundance (ind./m^) -0.97 -0.127 0.127 -0.011 0.098 
Ampharetidae Abundance (ind./m^) -0.455 0.141 -0.723 0.17 0.094 
Cossuridae Abundance (ind./m^) -0.553 -0.143 -0.711 0.124 0.181 
Sabellidae Abundance (ind./m^) 0.494 0.693 0.209 0.059 -0.266 
Molluscs Abundance (ind./m^) 0.965 -0.025 -0.056 -0.026 -0.064 
Crustacea Abundance (ind./m"̂ ) -0.008 -0.342 -0.85 0.099 0.213 
Mean Macrofauna Biomass (g/m^) -0.627 -0.073 -0.653 0.128 0.16 

Table 3.22 Correlation of various environmental factors with the first 5 axes of the 
PCA of fourth root transformed "Arabesque" family data. 

The correlation of all environmental variables with each of the axes of the PCA of the 

fourth root transformed family data is shown in Table 3.22. Important correlation are 

highlighted on the following pages. 
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Figure 3.42 Linear regression of the second axis of the PCA of the fourth-root 
transformed "Arabesque" family data on the strongest correlator, which was median 
grain size (î m). The 400m station is shown in red, the 700m station in blue, the 
1250m station in green and the 3400m station in black. 

Median grain size was the environmental variable with the most influence over the 

position of samples on axis 2 of the PCA of fourth root transformed "Arabesque" 

family data (Figure 3.42, regression y = 0.120x - 3.95, r̂  = 59.1%, P = 0.003). 
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Figure 3.43 Multi-Dimensional Scaling (MDS) plot of the untransformed 
"Arabesque" species data Stress = 0.07. 

The most obvious split in the MDS of "Arabesque" species data was into the stations 

with oxygen concentrations lower than 0.5ml/l and those with concentrations greater 

than 0.5ml/l (Figure 3.43). The split could also be explained by a change in 

communities at 1000m. The two shallowest stations separate on the second axis, as 

do the deeper stations. 
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Figure 3.44 Multi-Dimensional Scaling (MDS) plot of the fourth root transformed 
"Arabesque" species data. Stress = 0.04. 

The most obvious split in the MDS of fourth root transformed "Arabesque" species 

data was into the stations with oxygen concentrations lower than 0.5ml/l and those 

with concentrations greater than 0.5ml/l (Figure 3.44). The split could also be 

explained by a change in communities at 1000m. The two shallowest stations 

separate on the second axis, as do the deeper stations. 
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Figure 3.45 Multi-Dimensional Scaling (MDS) plot of the untransformed 
"Arabesque" generic data. Stress = 0.1. 

The most obvious split in the MDS of the untransformed "Arabesque" generic data 

was into the stations with oxygen concentrations lower than 0.5ml/l and those with 

concentrations greater than 0.5ml/l (Figure 3.45). The split could also be explained by 

a change in communities at 1000m. The two shallowest stations formed a tight 

cluster whereas the deeper stations do not 
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Figure 3.46 Multi-Dimensional Scaling (MDS) plot of the fourth root transformed 
"Arabesque" generic data. Stress = 0.1. 

The most obvious split in the MDS of the fourth root transformed "Arabesque" 

generic data was into the stations with oxygen concentrations lower than 0.5ml/l and 

those with concentrations greater than 0.5ml/l (Figure 3.46). The split could also be 

explained by a change in communities at 1000m. The shallow stations separated on 

the second axis of the MDS of the fourth root transformed generic data whereas the 

deeper stations intermingled. 
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Figure 3.47 Multi-Dimensional Scaling (MDS) plot of the untransformed 
"Arabesque" family data Stress = 0.12 

The shallower stations separated from the deeper stations in the MDS of "Arabesque' 

family data but beyond this, stations did not separate (Figure 3.47). 
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Figure 3.48 Multi-Dimensional Scaling (MDS) plot of the fourth root transformed 
"Arabesque" family data. Stress = 0.1. 

The samples separated into each individual station in the MDS of the fourth root 

transformed family data (Figure 3.48). 

Data R value P value 
Untransformed Species Data 0.904 0.002 

4® Root Transformed Species Data 0.950 0.002 
Untransformed Generic Data 0.730 0.002 

4^ Root Transformed Generic Data 0.909 0.002 
Untransformed Family Data 0.683 0.002 

4^ Root Transformed Family Data 0.843 0.002 

Table 3.23 Results of the ANOSIM to test the separation of the "Arabesque" 
nematode communities into those from the OMZ and those from deeper water. 

The OMZ stations consistently group separately to the non-OMZ stations with both 

the untransformed and 4*'' root transformed data at all of the taxonomic levels used 

here (Table 3.23). The significance of these groupings is always greater than 99.5% 

(Table 3.23). 
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3.2.2.2 Comparison With Archive Data 

Location 
ID Number of Number Number Number Location 

specimens of species of genera of families 
"Arabesque" (400m) 1 287 44 11 11 
"Arabesque" (700m) 2 284 58 20 12 

"Arabesque" (1250m) 3 248 95 23 17 
"Arabesque" (3400m) 4 256 103 32 20 

Irish Sea (muddy) 15 449 57 40 21 
Irish Sea (sandy) 14 458 69 51 20 

Rockall Trough (545m) 16 313 79 53 26 
Rockall Trough (835m) 18 293 83 53 27 

Rockall Trough (1474m) 20 334 93 49 23 
San Diego Trough 17 1335 116 67 26 

Porcupine Abyssal Plain (1989) 33 1256 125 63 28 
Porcupine Abyssal Plain (1991) 34 1428 150 48 24 

Madeira Abyssal Plain 36 578 72 47 18 
HEBBLE Station 1 31 1335 131 
HEBBLE Station 2 32 1293 128 

Hatteras Abyssal Plain 39 507 88 
EQPAC 0°N 26 477 127 53 25 
EOPAC 2°N 27 707 104 50 25 
EOPAC 5°N 28 500 118 48 23 
EQPAC 9°N 37 291 89 46 21 

EQPAC 23°N 35 661 81 49 20 
East Pacific Rise 30 216 148 

Clyde A 5 2958 92 60 24 
Clyde B 6 1415 44 39 19 
Clyde C 7 3511 58 42 22 
Clyde D 8 1012 57 42 21 

Mersey A 9 1196 92 58 23 
Mersey B 10 1157 72 43 23 
Mersey C 11 1171 60 38 22 
Mersey D 12 1196 23 14 11 
Mersey E 13 1023 72 45 27 

Table 3.24 Summary of the species, 
complete dataset including archived 

genus and family richness information for the 
samples. For references, see Appendix 1. 

The blanks in Table 3.24 indicate where species count was available from the 

published data but species identifications were absent so it was not possible to 

calculate genus and family counts. 
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Figure 3.49 Linear regression of nematode species richness against sample size for 
the world dataset Numbers refer to identification numbers from Table 3.24. 
"Arabesque" stations are shown in red. 

Point 30 was not included when determining the trendline in Figure 3.49 as 

individuals from this sample were not removed randomly, unlike other samples 

(Hope, in Spiess et al., 1987). Samples 5 to 13 were also not used when plotting the 

trendline as they were from estuarine environments which are known to have reduced 

species richness (Lambshead, in press.). Species richness was significantly linearly 

correlated with sample size (Table 3.24 and Figure 3.49, regression y = 0.048x + 65.3, 

r̂  = 51.7%, P < 0.001). 
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Location Mean ES(51) Mean Shannon 
(Base 2) 

Mean 
Simpson's 

"Arabesque" (400m) 16.92 
{±2.81} 

3.76 
{±0.24} 

0.099 
{±0.007} 

"Arabesque" (700m) 21.35 
{±2.52} 

4.20 
{±0.26} 

0.079 
{±0.015} 

"Arabesque" (1250m) 30.63 
{±2.93} 

4.92 
{±0.25} 

0.049 
{±0.014} 

"Arabesque" (3400m) 32.27 
{±2.07} 

5.01 
{±0.28} 

0.052 
{±0.021} 

Irish Sea (muddy) 20.68 
{±2.74} 

4.12 
{±0.33} 

0.102 
{±0.025} 

Irish Sea (sandy) 25.47 
{±1.74} 

4.76 
{±0.18} 

0.055 
{±0.009} 

Rockall Trough (545m) 2835 
{±0.67} 

4.86 
{±0.03} 

0.052 
{±0.007} 

Rockall Trough (835m) 30.08 
{±4.73} 

4.97 
{±0.46} 

0.049 
{±0.026} 

Rockall Trough (1474m) 2&53 
{±3.61} 

4.97 
{±0.37} 

0.044 
{±0.011} 

San Diego Trough 27.18 
{±1.88} 

5.05 
{±0.23} 

0.047 
{±0.010} 

Porcupine Abyssal Plain (1989) 2&79 
{±1.71} 

5.09 
{±0.29} 

0.044 
{±0.014} 

Porcupine Abyssal Plain (1991) 32j% 
{±0.89} 

5.64 
{±0.12} 

0.031 
{±0.005} 

Madeira Abyssal Plain 25J8 
{±0.97} 

4.61 
{±0.17} 

0.053 
{±0.005} 

HEBBLE Station 1 26.21 
{±1.88} 

4.76 
{±0.21} 

0.053 
{±0.008} 

HEBBLE Station 2 27.47 
{±0.83} 

4.96 
{±0.10} 

0.045 
{±0.005} 

Hatteras Abyssal Plain 29.95 
{±1.46} 4.10 

Norwegian Sea 24.07 
{±1.30} 4.09 

Bay of Biscay 
EQPAC 0°N 34.60 

{±1-71} 
5.35 

{±0.14} 
0.033 

{±0.004} 
EQPAC 2°N 3Z38 

{±1.54} 
522 

{±0.16} 
0.034 

{±0.004} 
EQPAC 5°N 32.18 

{±1.49} 
5.19 

{±0.12} 
0.039 

{±0.005} 
EQPAC 9°N 31.27 

{±4.61} 
5.09 

{±0.44} 
0.042 

{±0.021} 
EQPAC 23°N 28J^ 

{±0.65} 
4.84 

{±0.08} 
0.052 

{±0.007} 
Puerto Rico Trench 1 25.36 

{±1.13} 
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Puerto Rico Trench 2 22.43 
{±0.54} 

Puerto Rico Trench 3 21.59 
f±4.57} 

Puerto Rico Trench 5 26.78 
{±1.47} 

Venezuela Basin 1 27.21 3.43 
{±2.87} {±0.23} 

Venezuela Basin 2 31.78 3.97 
{±3.04} {±0.07} 

Venezuela Basin 3 32.13 3.64 
{±1.36} {±0.30} 

Clyde A 19.87 4.24 0.098 
{±0.84} {±0.20} {±0.024} 

Clyde B 17.43 3.84 0.139 
{N/A} {N/A} {N/A} 

Clyde C 17.29 4.01 0.099 
{±3.40} {±0.48} {±0.035} 

Clyde D 19.69 4.09 0.094 
{±L57} {±0.33} {±0.026} 

Mersey A 23.45 4.61 0.067 
{±1.27} {±0.16} {±0.009} 

Mersey B 11.12 2.10 0.488 
{±1.62} {±0.30} {±0.061} 

Mersey C 12.17 293 0.221 
{±1.18} {±0.28} {±0.053} 

Mersey D 4.63 1.01 0.687 
{±0.65} {±0.15} {±0.049} 

Mersey E 17.21 3.50 0.187 
{±1.60} {±0.24} {±0.033} 

Table 3.25 Summary of the nematode diversity information for the complete dataset 
including archived samples (for references and information about sites see Appendix 
1). Samples without confidence limits were obtained from the literature rather than 
calculated from raw data. "N/A" indicates that confidence limits could not be 
determined as only one sample was available. ES(51) was used as it was the highest 
level of rarefaction possible for all samples. The blank cells indicate where it the 
value had not been expressed in the literature and the samples were not available to 
determine the indices from the raw data. 
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Figure 3.50 Rarefaction plot of "Arabesque" species data with data from Boucher and 
Lambshead (1995) overlayed. The "Arabesque" stations are shown as closed 
diamonds with the 400m station shown in red, the 700m station in blue, the 1250m 
station in green and the 3400m station in black. The data points from Boucher and 
Lambshead (1995) are shown in black and are from Bathyal (open square). Abyssal 
(open diamond), Temperate Sublittoral (open triangle). Tropical Sublittoral (closed 
square) Hadal (closed triangle) and Temperate Estuarine (closed circle) environments 
and are connected with dashed rather solid lines. 
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Figure 3.51 Rarefaction (ES51) of nematodes from the "Arabesque" study compared 
to the results presented by Boucher and Lambshead (1995). Samples from Boucher 
and Lambshead are Temperate Estuarine (TE), Tropical Sublittoral (T), Temperate 
Sublittoral (TS), Bathyal (B), Abyssal (A) and Hadal (H). "Arabesque" samples are 
labelled according to depth in metres. 

When compared to archive results, the species richness from 1250m did not appear to 

be low as it was higher than that found for the bathyal and abyssal zones by Boucher 

and Lambshead (1995) indicating that an oxygen concenfration of 0.52ml/l was 

sufficiently high not to affect nematode diversity (Figure 3.50 and Figure 3.51). The 

reason that the rarefaction curve for the 3400m station was above that for the 1250m 

station was not as a result of reduced richness at the 1250m station, but increased 

richness at the 3400m station (Figure 3.50 and Figure 3.51). The abyssal 

"Arabesque" station was more species rich than anything found by Boucher and 

Lambshead (1995). Species richness found at the "Arabesque" 400m station was 

lower than found at any of the biotopes presented by Boucher and Lambshead (1995) 

including estuaries (Figure 3.50 and Figure 3.51). Gooday et al. (2000) found 

foraminiferal diversity to be higher at the 3400m station than the 400m station, which 
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was slightly higher than other reduced oxygen environments in the deep sea, but they 

did not compare the 3400m station to other deep sea locations. 
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Figure 3.52 A comparison of the mean Shannon H' {base 2}, ES{51} (blue) and 
Simpson's Index (red) for nematode communities from the world dataset, showing the 
95% confidence of the means. 

Mean ES{51} was significantly linearly correlated with mean Shannon H' (Table 

3.25 and Figure 3.52, regression y = 6.25x - 2.17, / ^ 67.4%, P < 0.001). Mean 

Simpson's Index was significantly negatively linearly correlated with mean Shannon 

H' (Table 3.25 and Figure 3.52, regression y == 0.692 - 0.133x, r̂  = 87.5%, P < 0.001). 
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Figure 3.53 Parabolic regression of mean species richness (ES{51}) from the world 
dataset, showing the 95% confidence of the means, against depth(m). 

When ES(51) was examined, maximum diversity appeared to occur at an intermediate 

depth, decreasing at shallower and deeper depths (Figure 3.53, regression y = 18.2 + 

0 . 0 0 5 8 3 X - 0 . 0 0 0 0 0 0 7 x ^ ^ - 6 1 . 7 % , P < 0 . 0 0 1 . 
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Figure 3.54 Shannon diversity of nematodes from the "Arabesque" study compared 
to the results presented by Boucher and Lambshead (1995). Samples from Boucher 
and Lambshead were Temperate Estuarine (TE), Tropical Sublittoral (T), Temperate 
Sublittoral (TS), Bathyal (B), Abyssal (A) and Hadal (H). "Arabesque" samples were 
labelled according to depth in metres. 

The diversity of the Arabian Sea samples at 1250m and 3400m did not appear to be 

significantly different to the values given by Boucher and Lambshead (1995) for 

abysal and bathyal samples (Figure 3.54). The diversity of the sites within the 

Arabian Sea OMZ was lower than that found by Boucher and Lambshead (1995) at 

similar depths, with the 400m station being lower diversity than anything found by 

Boucher and Lambshead (1995). 
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Figure 3.55 Evenness (J) of nematodes from the "Arabesque" study compared to the 
results presented by Boucher and Lambshead (1995). Samples from Boucher and 
Lambshead were Temperate Estuarine (TE), Tropical Sublittoral (T), Temperate 
Sublittoral (TS), Bathyal (B), Abyssal (A) and Hadal (H). "Arabesque" samples were 
labelled according to depth in metres. 

Although the evenness for the shallow "Arabesque" stations was lower than that at 

similar depths as presented by Boucher and Lambshead (1995), the error bars suggest 

that this difference was probably not significant (Figure 3.55). Also, the evenness at 

the deeper "Arabesque" stations was higher than similar depths found by Boucher and 

Lambshead (1995) but, again, the error bars suggest the difference was not 

significant. 
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Figure 3.56 Cluster analysis of the archived world generic data, pooled for each 
location. The similarity matrix was constructed with Bray-Curtis similarity and group 
average clustering was used for cluster analysis. Ax are the "Arabesque" samples 
with 'x' being depth, Rx are the Rockall Trough samples with 'x' being depth, SD was 
the San Diego Trough Sample, Ex are the abyssal Pacific samples with 'x' being 
latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAP '91 was 
the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira Abyssal 
Plain sample. 

The first station to separate in Figure 3.56 was one of the Mersey estuary stations and 

this was followed by the remaining samples grouping into shallow water samples (less 

than 40m) and deep water samples (greater than 40m). The shallow samples roughly 

grouped into the Mersey and the Clyde estuaries. The deeper samples separated into 

samples taken from deeper than 3500m and those shallower than 3500m (Figure 

3.56). Samples taken from deeper than 3500m then split into those from the Pacific 

and those from the Atlantic with the Pacific samples splitting into those affected by 

phytodetritus and those which are not (Brown, 1998). The shallower samples initially 

split into two groups, one containing the samples from the Rockall Trough and the 

other those from the San Diego Trough, the Oman Margin and the Irish Sea muddy 

station. The Oman Margin samples then separated from the San Diego Trough 

Sample and the Irish Sea sample. 
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Figure 3.57 Cluster analysis of the 4*-root transformed archived world generic data, 
pooled for each location. The similarity matrix was constructed with Bray-Curtis 
similarity and group average clustering was used for cluster analysis. Ajc are the 
"Arabesque" samples with 'x' being depth, Rx are the Rockall Trough samples with 
'x' being depth, SD was the San Diego Trough Sample, Ex are the abyssal Pacific 
samples with 'x' being latitude, IS (M) was the Irish Sea muddy station, IS (S) was 
the Irish Sea sandy station, PAP '89 was the Porcupine Abyssal Plain sample taken in 
1989, PAP '91 was the Porcupine Abyssal Plain sample taken in 1991 and MAP was 
the Madeira Abyssal Plain sample. 

Fourth root transformation of the generic data produced two intitial clusters (Figure 

3.57), one of the shallow samples (less than 50m) and the other of deeper samples 

(greater than 50m). The shallow samples clustered into most of the Mersey samples 

in one group with the remaining shallow samples in the other group, with the Clyde 

samples forming a group together. The deeper samples produced two initial groups, 

one containing the "Arabesque" samples, the other containing all the remaining 

samples. The remaining samples separated into abyssal and bathyal samples, with the 

abyssal samples grouping in the same way as the untransformed generic data. 
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Figure 3.58 Cluster analysis of the archived world family data, pooled for each 
location. The similarity matrix was constructed with Bray-Curtis similarity and group 
average clustering was used for cluster analysis. Ajc are the "Arabesque" samples 
with 'x' being depth, Rx are the Rockall Trough samples with 'x' being depth, SD was 
the San Diego Trough Sample, Ex are the abyssal Pacific samples with 'x' being 
latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAP '91 was 
the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira Abyssal 
Plain sample. 

The first cluster to form in Figure 3.58 contained three of the Mersey estuary samples. 

The remaining samples split into shallow samples (which also contained the 

"Arabesque" OMZ samples) and everything else (which also contained one of the 

Mersey samples). The "Arabesque" OMZ samples and the Irish Sea muddy sample, 

although initially grouping with the shallow stations, did form a distinct cluster. The 

'deep' cluster separated into the Rockall Trough and San Diego samples in one cluster 

and all the other samples in the other. The other cluster contained the deep 

"Arabesque" samples grouping with the abyssal Pacific samples, with both of these 

grouping with the abyssal Atlantic samples. 
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Figure 3.59 Cluster analysis of the 4'̂ -̂root transformed archived world family data, 
pooled for each location. The similarity matrix was constructed with Bray-Curtis 
similarity and group average clustering was used for cluster analysis. Ax are the 
"Arabesque" samples with 'x' being depth, Rjc are the Rockall Trough samples with 
'x' being depth, SD was the San Diego Trough Sample, Ex are the abyssal Pacific 
samples with 'x' being latitude, IS (M) was the Irish Sea muddy station, IS (S) was 
the Irish Sea sandy station, PAP '89 was the Porcupine Abyssal Plain sample taken in 
1989, PAP '91 was the Porcupine Abyssal Plain sample taken in 1991 and MAP was 
the Madeira Abyssal Plain sample. 

The initial samples to separate in the cluster analysis of fourth root transformed 

family data were from the Mersey (Figure 3.59). The remaining samples clustered 

into those from shallower than 40m and those from deeper than 40m. The first split 

from the deeper stations was that containing the samples from the "Arabesque" OMZ. 

The remaining samples separated into abyssal samples and bathyal samples with the 

deeper "Arabesque" samples grouping with the abyssal samples (although separating 

from them before they split into Pacific and Atlantic samples) and the Irish Sea 

muddy station grouping with the bathyal samples (even though it was from only 

42m). 

Page 137 



Figure 3.60 Principal Component Analysis (PCA) of the untransformed nematode 
generic data from archived samples. Samples used were from the "Arabesque" study 
(A), the Rockall Trough (•), the San Diego Trough (x), the Clyde (A), the Mersey 

estuary (v), the abyssal equatorial Pacific (+), the Irish Sea (T), the Porcupine 
Abyssal Plain (•) and the Madeira Abyssal Plain (•). 

PCA axis % Variation Cumulative % variation 
1 23.7 23.7 
2 18.4 42.2 
3 16.8 59.0 
4 11.8 70.8 
5 7.9 78.6 

Table 3.26 Variation accounted for by each axis in the PCA of the untransformed 
nematode generic data from archived samples. 
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Figure 3.61 Linear regression of the position of samples on the axis of PC A of the 
imtransfbrmed nematode generic data from archived samples which correlated most 
strongly with depth (Axis 3), against depth (m). 

The axis of the PCA of the imtransformed world generic data which correlated most 

strongly with depth was axis 3 (Figure 3.61, regression y = 0.003x - 5.48, r̂  = 20.1%, 

P = 0.019). As axis 3 only contributed less than 17% of the variation, depth was not a 

highly significant control on nematode communities when the untransformed generic 

data was examined. 
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Figure 3.62 Principal Component Analysis (PCA) of fourth root transformed 
nematode generic data from archived samples. Samples used were from the 
"Arabesque" study (A), the Rockall Trough (•), the San Diego Trough (x), the Clyde 

(A), the Mersey estuary (V), the abyssal equatorial Pacific (+), the Irish Sea ( • ) , the 
Porcupine Abyssal Plain (•) and the Madeira Abyssal Plain (•). 

PCA axis % Variation Cumulative % variation 
1 24.0 24.0 
2 9.9 33.9 
3 9.2 43.1 
4 7.0 50.2 
5 6.0 56.1 

Table 3.27 Variation accounted for by each axis in the PCA of fourth root 
transformed nematode generic data from archived samples 
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Figure 3.63 Linear regression of the position of samples on the the axis of the PCA of 
the fourth root transformed nematode generic data from archived samples which 
correlated most strongly with depth (Axis 1), against depth (m). 

The axis of the PCA of the fourth root transformed world generic data which 

correlated most strongly with depth was axis 1 (Figure 3.63, regression y - 1.95 -

0.00Ix, r̂  = 75.9%, P < 0.001). Therefore, depth was the most significant factor on 

nematode community structure when examining the fourth root transformed nematode 

generic data. 
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Figure 3.64 Principal Component Analysis (PCA) of the xintransformed nematode 
family data from archived samples. Samples used were from the "Arabesque" study 
(A), the Rockall Trough (•), the San Diego Trough (x), the Clyde (A), the Mersey 

estuary (v), the abyssal equatorial Pacific (+), the Irish Sea ( • ) , the Porcupine 
Abyssal Plain (•) and the Madeira Abyssal Plain (•). 

PCA axis % Variation Cumulative % variation 
1 33 j 33 j 
2 19.1 528 
3 17.8 70.7 
4 16.0 86.7 
5 4.6 91.3 

Table 3.28 Variation accounted for by each axis in the PCA of imtransformed 
nematode family data from archived samples. 
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Figure 3.65 Linear regression of the position of samples on the axis of the PCA of the 
nematode family data from archived samples which correlated most strongly with 
depth (Axis 2), against depth (m). 

The axis of the PCA of the untransformed world family data that correlated most 

strongly with depth was axis 2 (Figure 3.65, regression y = 0.0036x - 6.39, r̂  -

24.0%, P = 0.009). This means that there was another factor more important than 

depth controlling the family composition of the nematode communities used here. 

Page 143 



Figure 3.66 Principal Component Analysis (PCA) of fourth root transformed 
nematode family data from archived samples. Samples used were from the 
"Arabesque" study (A), the Rockall Trough (•), the San Diego Trough (x), the Clyde 

(A), the Mersey estuary (V), the abyssal equatorial Pacific ( i ), the Irish Sea ( • ) , the 
Porcupine Abyssal Plain (•) and the Madeira Abyssal Plain (•). 

PCA axis % Variation Cumulative % variation 
1 29.4 29.4 
2 16.9 46.4 
3 9.9 56.2 
4 7.7 63.9 
5 7.0 70.9 

Table 3.29 Variation accounted for by each axis in the PCA of fourth root 
fransformed nematode family data from archived samples. 
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Figure 3.67 Linear regression of the position of samples on the axis of the PCA of the 
fourth root transformed nematode family data from archived samples which correlated 
most strongly with depth (Axis 1), against depth (m). 

The axis of the PCA of the fourth root transformed world family data that correlated 

most strongly with depth was axis 1 (Figure 3.67, regression y = 0.0006x - 1.10, r̂  = 

65.3%, P < 0.001). Therefore, depth was the most significant factor on nematode 

community structure when examining the fourth root transformed nematode family 

data. 
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Figure 3.68 Multi-Dimensional Scaling (MDS) plot of the untransformed nematode 
generic data from archived samples. Stress = 0.17. Ax are the "Arabesque" samples 
with 'x' being depth, Rx are the Rockall Trough samples with 'x' being depth, SD was 
the San Diego Trough Sample, Ex are the abyssal Pacific samples with 'x' being 
latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAJP '91 was 
the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira Abyssal 
Plain sample. 

From the MDS plot of the imtransformed world generic data it was possible to 

separate samples into shallow samples, bathyal samples and abyssal samples (Figure 

3.68). 
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Figure 3.69 Multi-Dimensional Scaling (MDS) plot of the fourth root transformed 
nematode generic data from archived samples. Sfress = 0.12. Ax are the "Arabesque" 
samples with 'x' being depth, Rx are the Rockall Trough samples with 'x' being 
depth, SD was the San Diego Trough Sample, Ex are the abyssal Pacific samples with 
'x' being latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea 
sandy station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAP 
'91 was the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira 
Abyssal Plain sample. 

From the MDS plot of the fourth root transformed world generic data it was possible 

to separate samples into shallow samples, bathyal samples and abyssal samples 

(Figure 3.69). 
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Figure 3.70 Multi-Dimensional Scaling (MDS) plot of untransformed nematode 
family data from archived samples. Stress = 0.17. Ax are the "Arabesque" samples 
with 'x' being depth, Rx are the Rockall Trough samples with 'x' being depth, SD was 
the San Diego Trough Sample, Ex are the abyssal Pacific samples with 'x' being 
latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAP '91 was 
the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira Abyssal 
Plain sample. 

No areas appeared to convincingly separate graphically in the MDS of the 

untransformed world family data (Figure 3.70). 
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Figure 3.71 Multi-Dimensional Scaling (MDS) plot of fourth root transformed 
nematode family data from archived samples. Stress = 0.12. Ax are the "Arabesque" 
samples with 'x' being depth, Rx are the Rockall Trough samples with 'x' being 
depA, SD was the San Diego Trough Sample, Ex are the abyssal Pacific samples with 
'x' being latitude, IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea 
sandy station, PAP '89 was the Porcupine Abyssal Plain sample taken in 1989, PAP 
'91 was the Porcupine Abyssal Plain sample taken in 1991 and MAP was the Madeira 
Abyssal Plain sample. 

From the MDS plot of fourth root transformed world family data it was possible to 

separate samples into shallow samples (less than 50m) and samples from deeper than 

50m (Figure 3.71). 
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Comparison and Data Treatment R value P value 
Bathyal and Abyssal (Untransformed Generic Data) 0.539 0.002 

Bathyal and Abyssal (4^ Root Transformed Generic Data) 0.503 0.002 
Bathyal and Abyssal (Untransformed Family Data) 0.329 0.003 

Bathyal and Abyssal (4̂ *̂  Root Transformed Family Data) 0.407 0.001 
Bathyal and Shallow (Untransformed Generic Data) 0.399 0.001 

Bathyal and Shallow (4̂ *̂  Root Transformed Generic Data) 0.692 0.001 
Bathyal and Shallow (Unfransformed Family Data) 0.574 0.001 

Bathyal and Shallow (4"' Root Transformed Family Data) 0.342 0.001 
Abyssal and Shallow (Untransformed Generic Data) 0.715 0.001 

Abyssal and Shallow (4® Root Transformed Generic Data) 0.9 0.001 
Abyssal and Shallow (Unfransformed Family Data) 0.343 0.004 

Abyssal and Shallow (4^ Root Transformed Family Data) 0.503 0.001 

Table 3.30 A comparison of the ANOSIM results from the comparison of the 
depth biotopes from the world dataset at different taxonomic levels both for 
imtransformed and transformed data. 

three 

The three depth regions consistently group separately to each other with both the 

untransformed and 4*̂  root transformed data at all of the taxonomic levels used here 

(Table 3.30). The significance of these groupings is always greater than 99.5% (Table 

3.30). 

3.3 Discussion 

3.3.1 Nematode Abundance 

Nematodes are the most abundant metazoan taxon in deep-sea sediments becoming 

proportionately more important with increased depth (Carmen et ah, 1987). 

Metazoan meiofauna tend to be more tolerant than macrofauna to anoxia (Giere, 

1993) and nematodes are more tolerant than other meiofaunal taxa (Giere, 1993; 

Moodley et al, 1997; Levin et al, 1991). Jensen (1987) investigated low oxygen 

conditions in sandy sediments at shallow depths and found that nematode abundance 

was unaffected by oxygen concentration. Similarly, nematodes were unaffected by 

severe seasonal hypoxia on the Louisiana shelf in the Gulf of Mexico (Murrell & 

Fleeger, 1989). Levin et al. (1991) found no evidence that low oxygen (0.09 to 2.6 
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ml/1) affected nematode abundance at a site in the eastern Pacific Ocean and 

suggested that food supply, or biological interactions between the larger organisms 

and meiofauna, might be more important Lambshead e? a/. (1994) found low 

nematode abundance in the San Diego Trough where oxygen concentrations were also 

low, in the region of 15-60 pmol/l (compared to 6 ĵ mol/1 to 23 p,mol/l for the 

"Arabesque" OMZ stations). However, they concluded that this phenomenon was 

caused not by low oxygen but by high abundance of larger metazoans, notably 

ophiuroids. 

In this study, nematode abundance was highest at 700m water depth, within the OMZ, 

decreasing with increased oxygen concentration and depth. However, neither 

regression was significant. This supports the conclusions of previous authors, as there 

was no evidence to suggest that changes in nematode abundance were associated with 

low oxygen concentrations in the "Arabesque" study. 

The abundance data for the 700m "Arabesque" station was the highest yet reported 

for the deep sea, although data fi-om previous studies may have been biased by the use 

of less efficient sampling methods. Tietjen (1992) found nematode abundance to 

decrease logarithmically with depth and so, for this study, depth was logged and 

singleton points removed to produce linear lines of best fit of abundance with depth 

for a variety of deep-sea environments. Abundance was also standardised to take into 

account sampler efficiency. After standardisation, nematode abundance from this 

study was similar to other phytodetritus-influenced sites (Porcupine Seabight and Bay 

of Biscay) which were unaffected by an OMZ. It was, therefore, accepted that low 

oxygen dovra to 0.13 ml/1 did not affect the abundance of deep-sea nematodes. These 

results were consistent with the opinions of Levin et al. (1991) and Lambshead et al. 

(1994) that nematode abundance was unaffected by low oxygen conditions (0.1-0.2 

ml/1). 

Macrofauna abundance tended to be higher in the Arabian Sea OMZ than in the 

surrounding water and, like the nematode data, was highest at 700m (Levin et al., 

2000). This result was because oxygen levels within the OMZ were not low enough 

to reduce abundance and the increased organic matter led to an increase in abundance. 
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Levin et al. (1991) showed that OMZ boundaries are often associated with increased 

biological activity. Boundary effects occur where there is a trade off as a result of 

increased organics within the OMZ, because a lack of organisms consuming them, 

and reduced oxygen stress at the edge of OMZ. As abundance was not suppressed 

within the "Arabesque" OMZ, a boundary effect was neither seen for nematodes nor 

macrofauna. However, a boundary effect could explain the high abundance of spider 

crabs at approximately 1000m depth (Bett, 1995) 

Nematode abundance tended to decrease with depth, although there was a slight rise 

in abundance at 700m. Tietjen (1992) investigated the relationship between the 

abundance of metazoan meiobenthos and depth, and found that, for the Atlantic 

Ocean, abundance decreased logarithmically with depth. The response was not as 

clear for the other oceans but this was attributed to less data points than in the 

Atlantic. Lambshead et al (1994) also found nematode abundance to decrease with 

depth and suggested that the decrease in abundance was mainly as a result of reduced 

food availability with increased depth. This could be tested during the present study 

as various measures of food were also determined. It was not clear how best to 

measure food, as it was perceived by nematodes, so four different measures were tried 

as part of this study. Total Organic Carbon (TOC) was a measure of organics, which 

are substances derived from living material, and are, therefore, often considered food. 

However, what was more important was material which nematodes perceived as food. 

It would appear from the results that although there seemed to be a correlation 

between TOC and nematode abundance, it was weaker than the correlation between 

nematode abundance and the Hydrogen Index. The other two measures of food 

correlated weakly. The Hydrogen Index was the ratio of hydrocarbon to total organic 

carbon and has been referred to by Pedersen et al. (1992) as being a measure of'food 

quality'. From this study it appeared that the Hydrogen Index was a suitable measure 

of'food availability' with respect to nematodes. The correlation of nematode 

abundance with the Hydrogen Index could not be applied to other studies, as the 

Hydrogen Index had not been measured at the same sites as nematode abundance in 

the past The Hydrogen Index was also a predictor of macrofaunal abundance, 

although oxygen was a better predictor for the macrofauna. The closer correlation 

between a food-quality index and nematode rather than macrofauna abundance 

implied a closer coupling between nematodes and food input. This has already been 
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suggested as 'food' had more of an influence on the heterogeneity of nematodes than 

on macrofauna Food quaUty is an important influence on animals as it will affect 

longevity, fecundity and speed of development among other things (Andrewartha and 

Birch, 1954). All of these responses could affect abundance by influencing an 

animal's chance to survive and multiply. When the transformed abundance data from 

around the world were examined, the "Arabesque" stations were similar to 

phytodetritus influenced sites at similar depths (Porcupine Seabight and Bay of 

Biscay) suggesting that food input rather than oxygen concentration was a better 

predictor of nematode abundance. The lines of best fit of nematode abundance 

against logged depth seem to converge towards a point in deep water coinciding with 

the maximum depth of the world oceans. 

Brown et al. (2001) showed that phytodetritus was associated with an increase in 

nematode abundance and microbial biomass. They suggested that the increase in 

nematode abundance reflected utilisation of bacteria by nematodes. Brown et al. 

(2001) found that nematode abundance at the high phytodetritus sites in the Pacific 

were lower than phytodetritus influenced sites in the Atlantic and attributed this to the 

higher quantity of food reaching the seabed in the Atlantic. Gooday and Turley 

(1990) and Vanreusel et al. (1995) hypothesised that meiofaunal abundance increases 

with increasing food supply. This supported the results of Pfannkuche and Thiel 

(1987) who found a correlation between meiofaunal abundance and chloroplastic 

pigment equivalents. Alongi (1992) failed to correlate faunal abundance with various 

measurements of food supply. He noted that this was in contrast to other studies 

demonstrating strong relationships between faunal standing stocks and a variety of 

food measurements (Thiel, 1983; Shirayama, 1984; Pfannuche, 1985; Tietjene/a/., 

1989). Alongi (1992) suggested that these relationships were inferred, based on 

previous measures of primary production or indirect indicators of detrital flux rather 

than empirical measurements. Alongi (1992) claimed that correlation between 

abundance and other environmental factors was not significant when the effects of 

depth were held constant. However, Shirayama (1984) found sediment structure to 

become more significant than food supply in controlling meiofaunal abundance at 

deeper depths. Alongi (1992) suggested that food quality was a factor that may 

account for the lack of statistical relationships between food and abundance. Tietjen 

et al. (1989) suggested that measurements of proteins or amino acids would probably 

Page 153 



give a clearer picture of benthic energetics as they would be more meaningful 

indicators of utilisable organic matter, hence food quality. This study supported the 

theory that food quality was the major control on nematode abundance. 

It has been suggested that macrofauna abundance was lower than expected at 1250m 

station in the "Arabesque" study as a result of a strong current at this depth (Tyler, 

pers. com.). Nematode abundance was not lower than expected at this site, so would 

appear to be unaffected by the strong current The increased current at 1250m 

resulted in an increase in sediment grain size. Physical sediment characteristics have 

been considered to be a 'super-factor', highly correlated with nematode abundance and 

diversity (Piatt & Warwick, 1983). A large-scale analysis by Boucher & Lambshead 

(1995) found little evidence that such sediment characteristics were correlated with 

diversity. The results of this study suggest that physical characteristics also have little 

effect on nematode abundance in the deep sea. 

Nematode abundance correlated well with macrofauna abundance in the "Arabesque" 

study; in particular, abundance correlated with tube-builders, the dominant functional 

group, and the Spionidae. Spionids are tube builders so the two correlations are inter-

linked. The significant correlation with Annelida abundance was probably as a result 

of Spionidae being the dominant annelid familyNematode abundance correlated with 

macrofaunal biomass as a result of the correlation with macrofaunal abundance. 

There was poor correlation between nematode abundance and the abundance of any 

macrofaunal feeding type, despite spionids being surface deposit-feeders, so it seems 

possible that tube-building was the key parameter. A relationship between meiofauna 

abundance and tube-building polychaetes has been reported in tidal sediments (Reise, 

1981). Reise found that biogenic structures, such as tubes of polychaetes, tended to 

attract nematodes and other meiofaunal taxa. It was suggested that this was as a result 

of these structures allowing water to penetrate into the sediment, aerating the deeper 

layers. Aeration was less likely to be a factor in the present study than the biogenic 

structures enhancing the heterogeneity produced by the phytodetritus because tbe 

abundance values were derived from surface samples. 

The predominance of polychaetes among the macrofauna in the OMZ also occurs in 

other locations where the oxygen concentrations fall between 0.1 ml/1 and 0.5ml/l 
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(Levin et al, 2000). In particular, spionid polychaetes, especially those from the 

genus Prionospio, often tend to dominate in hypoxic shelf environments (Levin et al., 

2000). Lamont and Gage (2000) noticed that spionids in the genus Prionospio from 

the "Arabesque" OMZ tended to have larger branchiae and they concluded that this 

was an adaptation to lower oxygen conditions. 

Echinoderms generally do not occur in OMZ's because calcareous shells and 

skeletons are difficult to maintain in low oxygen conditions (Levin et al, 2000). 

Recent work has suggested they occur in oxygen concentrations down to 0.3ml/l. 

Studies in the Arabian Sea OMZ were consistent with this theory (Levin et al, 2000). 

Nematodes had a negative correlation with molluscs. This was because molluscs 

were excluded from the OMZ. This may be as a result of the difficulty in maintaining 

calcareous shells in low oxygen environments. However, as this was not shown for 

the echinoiderms, the exclusision of molluscs may be as a result of some other 

metabolic response. 

3.3.2 Diversity Analysis 

Most of the work on global diversity has been concerned with the deep Atlantic 

Ocean, primarily because of the large datasets that are available for this region (Levin 

and Gage, 1998). As a result they omit many environments in the Indo-Pacific where 

oxygen availability and food supply may exert a strong influence on diversity (Levin 

and Gage, 1998). Although oxygen-related patterns are well studied in shallow water 

(for a review see Diaz and Rosenberg, 1995) this was the first study specifically into 

the effect of low oxygen concentrations on nematode diversity in the deep sea. 

While macrobethic species richness in samples from the deep sea is generally high 

(Gage and Tyler, 1991; Gage, 1996), diversity can be lower than expected because of 

localised conditions. These conditions include OMZs under upwelling regions 

(Sanders, 1969; Levin et al., 1997), isolated basins such as the Norwegian Sea (Dahl 

et al., 1976) and hydrothermal vents (Grassle et al., 1985; Grassle, 1989). Childress 

and Seibel (1998) found that oxygen concentrations down to approximately 0.2ml/l 

had relatively Uttle effect on distributions of major taxa, within the macrofauna and 
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megafauna, although they did note 'pronounced effects' below 0.15ml/l. SenGupta 

and Machain-Castillo (1993) and Levin et al. (1994) found that regions with oxygen 

depleted bottom water have macrofaunal and foraminiferal populations characterised 

by relatively few species and generally high dominance. Gooday et al. (2000) also 

found fewer foraminifera species in the centre of the "Arabesque" OMZ than deeper 

waters with higher oxygen concentrations. However, there has been debate over the 

relative importance of food and oxygen in determining foraminiferal diversity (Corliss 

and Emerson, 1990; Rathbum and Corliss, 1994; Jorissen et al., 1995). Lambshead et 

al. (1994) investigated the biodiversity of nematodes in the San Diego Trough, which 

experienced low oxygen conditions (15-60 pmol/1 compared to 6-23 |j,mol/l for the 

"Arabesque" OMZ stations) and the Rockall Trough (which experienced "normal" 

oxygen conditions). They did not find a significant difference in diversity between 

the two locations suggesting that oxygen did not affect nematode biodiversity at the 

concentrations found in the San Diego Trough. Jensen (1986) investigated nematode 

communities from brine seeps and suggested that increased sulphide concentration 

rather than reduced oxygen concentration was the factor that controlled nematode 

species diversity and dominance. Vanreusel et al. (1997) investigated nematode 

communities close to hydrothermal vents (which experience reduced oxygen 

concentrations) and found the communities around vents to be less diverse than 

surrounding sediments. 

The "Arabesque" samples with the lowest oxygen conditions also had the lowest 

species, genera and family richness, with all three taxonomic levels being correlated 

with each other. The strongest correlation of diversity and the environmental factors 

occurs between species richness and oxygen, with a reduction in richness being 

occurring below an oxygen concentration of 0.5ml/l, suggesting a threshold response. 

When Shannon diversity was examined, values from the two deeper "Arabesque" 

stations were not significantly different from the bathyal and abyssal results obtained 

by Boucher and Lambshead (1995). The values for the "Arabesque" OMZ stations 

appeared low when compared to the bathyal stations of Boucher and Lambshead 

(1995). The 400m "Arabesque" station was lower than anything else in the review by 

Boucher and Lambshead (1995). This was consistent with the results of the analysis 
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of species richness which demonstrated that oxygen concentrations below 0.5ml/l 

affected nematode diversity or that there was a change in community structure 

between 700m and 1250m. The same general trend was shown with evenness, 

although the 700m station, as well as the 1250m and 3400m stations, was not 

significantly different from the bathyal and abyssal stations of Boucher and 

Lambshead (1995). The ^-dominance plots at every level of classification for the 

"Arabesque" samples all showed the shallow, OMZ, stations to be more dominated 

than deep, non-OMZ, stations. The same pattern was shown by all indicators 

suggesting that the signals were quite strong. 

The rarefaction plots of the "Arabesque" species data showed that not only was the 

species richness for the samples from within the OMZ lower than those from outside 

the OMZ but also indicated that there was a limited species pool, as the curves for the 

OMZ stations tended to level off. The two deeper stations from the "Arabesque" 

study were more species rich than any of the variety of biotopes presented by Boucher 

and Lambshead (1995), although the difference was not significant What was also 

noticeable was that the 3400m station had a higher species richness than the 1250m 

station. This contradicts the results of Boucher and Lambshead (1995) who found 

bathyal stations to have higher species richness than abyssal stations (although the 

difference was not significant). The rarefaction curves for the 3400m and 1250m 

station were similar. The higher than expected richness may have been a consequence 

of the oversplitting of taxonomic groups compared to previous authors, but as the 

OMZ stations had lower species richness than found by Boucher and Lambshead 

(1995) at similar depths this seems unlikely. The most likely explanation for the 

3400m "Arabesque" rarefaction curve being above the 1250m curve was that the food 

reaching the seabed was higher than expected at the 3400m station because of the 

OMZ. The OMZ stations were less species rich than expected, with the 400m station 

having a lower richness than anything found by Boucher and Lambshead (1995) 

including estuaries. Levin and Gage (1998) found the rarefaction curves of 

macrofauna from the OMZ stations to lie below the non-OMZ stations. Levin et al. 

(2000) found highest macrofaunal diversity at the 1250m station in the "Arabesque" 

project, with diversity lower within the OMZ than at 3400m, lowest diversity being 

found at 400m. This was the same frend as with the nematodes. They attributed this 

to the mid-slope diversity maximum reported from other environments (Rex, 1983; 
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Paterson et al, 1995; Cosson et al, 1997). The nematodes from this study showed a 

diversity maximum at 3400m. 

Levia and Gage (1998) found depth to be the principal factor determining 

macrobenthic diversity in the Arabian Sea, but that oxygen seemed to be the second 

most important factor when oxygen concentrations were low (<lml/l). Above oxygen 

concentrations of lml/1 organic matter became a more critical factor than oxygen 

when determining macrofaunal diversity. Nematode species richness significantly 

correlated with macrofaunal species richness suggesting that whatever was affecting 

one was affecting the other, either directly or indirectly. Levin and Gage (1998) 

hypothesised that, at low oxygen concentration, oxygen had more influence on 

species richness while organic carbon regulated evenness. This was consistent with 

the theory that nematode species richness was controlled by oxygen concentration, 

although oxygen also seemed to be controlling evenness in nematodes. An increase in 

ciratulid abundance was associated with a decrease in nematode diversity. It was 

assumed that this was a consequence of both being affected by the same factors rather 

than one causing the other. Levin and Gage (1998) hypothesised that hypoxia and 

organic enrichment 'act in concert to depress diversity, although the mechanisms 

involved are unclear'. As OMZs often occur below areas of upwelling where 

enrichment was high, it was hard to isolate the effects of oxygen and enrichment 

(Levin and Gage, 1998). 

There is little doubt that species diversity patterns are strongly influenced by organic 

matter inputs (Pearson and Rosenberg, 1978). Boucher and Lambshead (1995) found 

a negative relationship between depth and diversity that they attributed to a reduction 

in productivity with increased depth, although the relationship was non-linear. This 

supported the work of other authors who had suggested a parabolic curve represented 

the change in diversity with depth for both meiofauna (Dinet and Vivier, 1979) and 

macrofauna (Rex, 1976, 1983; Huston, 1979; Maciolek et al. 1987, 1987; Paterson et 

al., 1995). Levin and Gage (1998) found depth to be the most significant parameter in 

determining macrofaunal diversity in the Arabian Sea and showed the relationship to 

be parabolic. Depth has been suggested to control diversity as a consequence of being 

connected to food supply (Rosenzweig, 1995; Rex et al., 1997), hydrodynamic regime 

(Paterson et al., 1995; Gage, 1996) and sediment diversity (Etter and Grassle, 1992). 

Page 158 



Dinet and Vivier (1979) found a peak in meiofaunal diversity at 4000m. Paterson et 

al. (1995) found maximum polychaete diversity to occur at approximately 2000m, 

and although not consistent from study to study, the depth of the peak in macrofaunal 

diversity tends to be in the bathyal region Boucher and Lambshead (1995) suggested 

that the curves were a consequence of the non-equilibrium between production and 

disturbance. 

Species richness significantly correlated with total organic carbon and carbon-to-

nitrogen ratio, but, although the regression of species richness on the carbon to 

nitrogen ratio appeared interesting as it was a parabolic curve, it was possible that 

both of these regressions were artefacts and were a result of all factors being 

correlated with depth or oxygen. 

Tietjen (1984) observed that species diversity of nematodes in the Venezuela Basin 

was directly related to sediment heterogeneity in addition to proximity to areas of 

high productivity. This supported the results of other authors who suggested that 

sediment characteristics were important in governing species diversity ki shallow 

waters (Warwick and Buchanan, 1970; Heip and Decraemer, 1974; Tietjen, 1977) and 

the deep sea (Tietjen, 1976; Etter and Grassle, 1992). The diversity of nematodes 

from the "Arabesque" project did not correlate with any of the sediment 

characteristics in contrast to previous studies, although it was consistent with the work 

of Boucher and Lambshead (1995) who also found no correlation between sediment 

characteristics and nematode diversity. 

The results of univariate diversity statistics suggested that the OMZ affected 

nematode diversity. Ecological diversity statistics do not analyse community 

structure and two different communities may give identical diversity statistics but be 

made up of entirely different fauna. This was important as two, or more, differing 

levels of disturbance can give rise to the same value for a diversity statistic according 

to non-equilibrium theory (Lambshead, 1990). Multivariate techniques analyse 

samples more comprehensively, by retaining taxonomic information, so show whether 

different communities respond to environmental conditions in the same manner at the 

community level. At all levels of classification, cluster analysis of the "Arabesque" 

data showed that the communities were divided into those from the OMZ and those 
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from deeper water. The break between the two types of communities occurred at an 

oxygen concentration between 0.16ml/l and 0.52ml/l. This corresponded to the 

apparent threshold that affected the ecological diversity of nematodes. Whether the 

break in the communities was a consequence of the oxygen concentrations or water 

depth was not clear. It seems reasonable to assume that oxygen concentration rather 

than depth was the determining factor because oxygen concentration has been shown 

to affect rarefaction. Also, when Levin et al. (2000) examined the cluster analysis of 

the macrofauna communities from the "Arabesque" study they also included 

communities from stations at intermediate depths in addition to those examined here 

and concluded that oxygen was the controlling factor. Levin et al. (2000) found that 

the non-OMZ stations had macrofaunal communities that were more heterogenous 

(More intra-station variability) than the OMZ stations. The nematode community 

analysis showed the same trend. Foraminiferal research has shown that deep water 

benthic foraminiferal assemblages are structured largely by oxygen and organic 

matter availability (Jorissen et al., 1995; Kaminski et al., 1995, Gooday and Rathbum, 

1999) with changes in communities as a consequence of oxygen concentration only 

being seen below concentrations of 0.3ml/l (Anderson and Gardner, 1989; Kaminski 

et al., 1995). The analysis of nematode communities was consistent with 

foraminiferal research, with a change in communities occurring at an oxygen 

concentration close to this value. 

All sites from the "Arabesque" study grouped into the individual stations at the 

species level, indicating that the nematode species composition was controlled by site-

specific environmental variables. This was consistent with the work of Jensen (1988) 

and Tietjen (1989) who found there to be little overlap in nematode species 

composition even between adjacent sites. At the generic level, there was less 

distinction between the stations which means that the generic community results of 

this study are consistent with the work of Thistle and Sherman (1985) who found 

generic disfribution across different sites to be more uniform than species distribution. 

At all levels of classification the 400m station remained as a distinct cluster, 

irrespective of whether the data were transformed. This meant that the community 

structure at the 400m station was very station specific both in the composition and 

abundance of species. The 700m station did not form a distinct cluster at the genus 
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level, although it did form a distinct cluster at the species and family level. The 

clusters for the 1250m and 3400m stations overlaped at both the genus and family 

level, irrespective of whether the data was transformed, indicating that whatever 

factor was controlling the community at these levels was perceived by nematodes to 

similar for both locations. 

MDS analysis showed the same groupings as the cluster analysis. When ANOSIM 

was used to investigate the groupings produced by MDS it could be seen that 4^ root 

transformation made the separation into OMZ stations and non-OMZ stations more 

pronounced than using untransfbrmed data. This indicated that the separation into the 

two groups was more influenced by the presence or absence of individual taxonomic 

units than their relative abundance. Separation into the two groups of samples was 

least pronounced at the family level and most at the species level. This was consistent 

with the work of Thistle and Sherman (1985) who found genera to be more conserved 

than species between locations. This would result in less separation between 

communities at the generic level than the species level. Separation of the 

communities beyond the initial break was impossible because not enough replicates 

were available to yield a significant result. 

PCA of the nematode data at all classification levels suggest that the best explanation 

of community structure was food, as it correlated most strongly with the first axis of 

the untransfbrmed species and genus PCA. This was consistent with the results of 

Brown (1998) who found food to be a major control on nematode communities. 

Whilst food may influence the relative abundance of species and genera it did not 

appear to control their presence or absence, as none of food measures correlated with 

the transformed data. The transformed data tended to have one of the macrofauna 

variables as the main correlator. This may have been as a result of alteration of the 

physical and chemical properties of the sediment by the macrofauna influencing 

nematode communities (Warwick et al, 1986; Austen et al, 1998) or the same factors 

may affect both the abundance of the various nematode classification groups and the 

macrofauna groups. When food was not the main correlator with the first axis of the 

PCA, it was still a significant influence. This meant that the correlation of the first 

axis of the transformed data with macrofauna could be an artefact of the correlation of 

macrofauna with food (Levin et al., 2000). The second axis of the PCA analyses 
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tended to correlate most significantly with one of the sediment characteristics 

(although nematode abundance does not correlate with any of the sediment 

characteristics). This was consistent with the work of Warwick and Buchanan (1970) 

and Heip and Decraemer (1974) who stated that sediment characteristics play a major 

role in structuring nematode communities but contradicts the results of Boucher and 

Lambshead (1995) who state that they do not Etter and Grassle (1992) investigated 

the relationship between macrofauna diversity and sediment characteristics and found 

that sediment diversity was a significant predictor of macrofaunal diversity. This was 

consistent with the work of Tietjen (1976) who attributed the high diversity of 

nematodes in sandy sediments to an increase in microhabitats in sands compared to 

mud. The contrasting results may reflect that Boucher and Lambshead (1995) pooled 

biotopes and then compared diversity to sediment characteristics. They stated that, 

although sediments may influence nematode communities at the local scale, other 

processes may have more control at a larger scale. The multivariate results contrast 

with the results of the univariate measures, which showed sediment characteristics to 

have no influence on diversity. 

Community analysis of the world dataset showed a consistent grouping of stations 

into three clusters which were shallow water samples, bathyal samples and abyssal 

samples with the bathyal and abyssal samples being more similar to each other than to 

the shallow samples. ANOSIM supported the separation into three types of 

community, with a significant separation being found between all regions at both the 

generic and family level, with untransformed and transformed data. The shallow 

environments separated most obviously from the other two locations when the data 

was fourth root transformed. This suggests that these regions were characterised by 

the presence or absence of certain taxonomic units. The shallow samples separated 

into inshore and offshore clusters in some analyses but this was not consistent and 

was not possible to test with ANOSIM because of an insufficient number of 

replicates. The "Arabesque" samples often formed a cluster with themselves, more 

like each other than other locations at similar depths. At the generic level, the 

"Arabesque" samples grouped with the bathyal samples from around the world, which 

was consistent with depth being the controlling factor of nematode communities 

(Soetaert and Heip, 1995). This was supported by PCA as depth was significantly 

correlated with the first axis. It has been suggested that nematode communities 
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change with depth as a consequence of a change in food availabiUty with depth 

(Lambshead et al, 1994). This was consistent with the community analysis of the 

"Arabesque" nematodes, as the main control on these communities was food. For the 

transformed generic level, the "Arabesque" samples tended to form a distinct cluster 

that separated them from other samples from the deep sea (bathyal and abyssal) 

although they were more similar to the deep-water samples than the shallow samples. 

This could suggest that certain deep-sea genera were not found in the "Arabesque" 

samples, although this was not apparent from SIMPER analysis. 

At the family level, the non-OMZ "Arabesque" samples were more similar to the 

abyssal samples than the OMZ samples or other bathyal samples, with the OMZ 

samples forming a distinct cluster on its own, separate from other bathyal samples. 

This suggested that whilst genera and families were conserved between locations 

(Thistle and Sherman, 1985), an oxygen minimum zone can influence communities at 

the family level. This was consistent with PCA of the "Arabesque" samples (when 

none of the archived data was included) as it was only at the family level that oxygen 

significantly correlated with any of the axes. 
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Chapter 4 Morphological Biodiversity 

4.1 Introduction 

An understanding of body size is one of the most basic problems in biology (Rex and 

Etter, 1998) and has provoked a great deal of interest in the last few years (Peters, 

1983; Calder, 1984; Schmidt-Nielsen, 1984; Reiss, 1989; Harvey and Pagel, 1991). 

Recent work has suggested a strong link of body size with species diversity (May, 

1986; Fenchel, 1993; Blackburn and Gaston, 1994; Finlay etal, 1996; Sieman etal, 

1996) and population abundance (Cotgreave, 1993; Currie, 1993). According to Rex 

and Etter (1998) "body size relationships may have the potential to unify ecological 

and evolutionary theories of biodiversity". However, although correlation between 

size, abundance and diversity are known for a variety of locations, the 'cause and 

effect' are not known (Nee and Lawton, 1996). Size varies with a variety of factors 

including physiology, life history and ecological factors (Peters, 1983; Brovra, 1995). 

The effects of each of these factors can be masked by sampling error or the scale of 

sampling, both temporal and spatial (Blackburn and Gaston, 1994; Warwick and 

Clarke, 1996). Van Voorhies (1996) stated that, although size is considered an 

evolutionary consequence of natural selection, geographical variation might be a 

response of localised ecological factors that do not reflect genetic differences. The 

ability to vary size may be an evolved trait within or between species (Van Voorhies, 

1996). 

Nematodes show a wide range of morphological adaptations (Weiser, 1953; Romeyn 

and Bouwman, 1983; Jensen, 1987; Thistle et a/., 1995; Moens and Vincx, 1997; Tita 

et al, 1999). The most easily observed of these adaptations are size and body 

proportions, both of which can be determined from the length and width. Despite the 

diverse range in morphologies, little attention had been devoted to the ecological 

meaning of these changes and most studies have been concerned with size rather than 

shape (Schinghammer, 1981; Warwick, 1984; Gerlach et al., 1985; Ratsimbazafy, 

1998; Tita et al, 1999), although some studies have been concerned with tail shape or 

functional groupings (Thistle etal., 1995). 
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It has been suggested that the feeding ecology of nematodes can be inferred from the 

buccal morphology (Weiser, 1953; Jensen, 1987), providing opportunities to examine 

the trophic status of the deep-sea meiobenthos (Soetaert and Heip, 1995). However, 

nematode functional groups were largely arbitrary classifications based on 

morphology, with little direct evidence of changes in buccal and tail morphology 

being of functional significance, although some observations of nematode feeding 

were carried out by Romeyn and Bouwman (1983). It has been suggested that tail 

type is an indication of locomotion methods (Thistle et al, 1995). Functional group 

analysis would be included with ecological responses if there were more direct 

evidence of the link between these groupings and functional ecology. Until direct 

evidence is available, analysis of functional groupings should be considered a 

morphological classification that suggests a functional grouping. 
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4.2 Results 

4.2.1 Analysis of Nematode Size 

Location Mean length (p,m) Mean width (|J.m) Mean individual 
{95% Confidence {95% Confidence biomass (p.g wet 
Interval shown in Interval shown in weight / nematode) 

brackets} brackets} {95% Confidence 
Interval shown in 

brackets} 
Irish Sea (sandy station) 1148 30.6 1.038 

Irish Sea (muddy station) 999 25.4 0.596 
{±0.161} 

"Arabesque" - 400m 550 17.1 0.136 
{±0.695} {±0.0333} 

Rockall Trough - 545m 840 262 0.491 
{±0.0890} 

"Arabesque" - 700m 530 16.7 0.145 
{±0.0894} {±0.0299} 

San Diego Trough 710 24.8 0.346 
{±49.1} {±0.0494} 

Rockall Trough - 1210m 690 25.1 0.556 
{±2.56} 

"Arabesque" — 1250m 520 17.6 0.165 
{±0.0734} 

Rockall Trough - 1474m 670 23.5 0.543 
{±3.29} {±0.405} 

106-Mile Sewage 360 14.7 0.0744 
Disposal Site (Dumpsite) {±0.0177} 
106-Mile Sewage 470 18.6 0.171 
Disposal Site (Reference 
site) 

{±50.0} ^7.20/ {±0.0719} 

"Arabesque" - 3400m 420 18.2 0.139 
{±1.50} 

Porcupine Abyssal Plain 500 18.3 0.241 
^±7.37; {±0.168} 

Madeira Abyssal Plain 660 21.0 0.307 
{±0.0931} 

Table 4.1 Mean length, width and individual biomass of nematodes from all sites 
used in this study. For more information about the sites used, see Appendix 1. 
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Biomass distributions have been shown to have a log-normal distribution (May, 

1978). This was also found in the present study when the distributions of individual 

biomasses were calculated and were not shown to be different to lognormal. 

Therefore, the biomass for each individual measured was logged and then the 

distribution of these tested for significant difference between sites. 

Table 4.2 (Next Page) Significance of student t-test comparing the mean logged 
individual biomass of nematodes from the communities found at each location. 
Results were non-significant (N), >95% significant (*), >99% significant (**) or 
>99.9% significant (***). Triangles point towards the site containing the larger 
animals (i.e. ^ indicates that the location in the row contains larger animals, 

indicates that the location in the column contains larger animals). 
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Although 95% significance was commonly employed, only levels greater than 99.9% 

should be used from this table. This was because chance dictates that with 91 

comparisons approximately 3 significant results would be implied incorrectly by 

chance, producing a Type I error, accepting the hypothesis of the samples being 

different when they were not Using the 99.9% significance level there was only one 

chance in a thousand of a Type I error. 

Page 169 



O O O O O O O O O O O O O O 

CN O O O O O O O O O O 

O 
1 - 4 O O O O O O O O O O 

A S O O O O O O O O 

0 0 ON O O O C O O O O O O CN 

O \ 
ON O C O O CN C O 

% 
CS 

U 

* 

CZL 

CN 
CN ( S < N 

» O 
( N < N 

0 0 CN OO < N CN C O % 
CS 

U 

* 

CZL 

V ) I > R -
( N 

O VO 0 0 
CN R-- C O R~- CN 

% 
CS 

U 

* 

CZL 
" V < N cn M 

C O 
>/-> 
( N 

ITI 
( N 

O OO 
L > Z O S CN R -

CN 

ON 
m 

O O O 
M 

R -
CN 

cn 
( N 

0 0 
CN 

V I 
( N 

0 \ 
C O 

> O 
C O 

S O 
CN 

S O 
CN 

O 0 \ 
< N M "4" 

V ) O 
C O 

< N T > O 
CN CN 

R -
CN 

O O 

L-H O - O V O O 
C O 

V O R - 0 0 
O 

O O O O O M O O F O M 
CN 

O O O O O O O CN O CN O O 

O O O O O O O o o o O o o o 
£ 
S -

Q I ON 
M 9 

o 
O 

>R> 

O 
O 

O 
V-1 
O 

O 

CN 

O 
U-) 
CN 

o o 
CN 

o o 
CN 

o o 
- 4 " 
C O 

o lO oo U-» 

ON 
" 4 -

B 

• 2 

2 
O 

i 
t 
¥ 
C/2 s 

1 
i 

S 
0 0 

'M 
I 

1 
1 

1 
S 

1 
1 
1 Q § 
0 0 

1 
1 
c§ 

I 

s 
1 

1 
1 
cS 

1 
C/3 

1 
Ji S 
o 

1 
1 
- 2 S 
S O o 

1 s 
1 

1 
OH 

15 
CA 

1 
J 
1 

PL, 

1 
PL, 

% 

1 
1 

Table 4.3 Percentages of nematodes from each location allocated to each dry weight 
size class of Warwick (1984). 
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Figure 4.1 A comparison of the percentage of animals from each site found in each 
size class from 4 depths in the "Arabesque" study. The 400m station is shown in red, 
the 700m in blue, the 1250m in green and the 3400m in black. 

There was an increase in abundance in the smaller size classes (size class - 1 to 1) 

with an increase in depth for the "Arabesque" samples (Table 4.3 and Figure 4.1). 

The mean individual biomass at the 400m station was significantly different from the 

700m station and 3400m station but none of the mean individual biomass values at 

any of the other "Arabesque" sites were significantly different from each other (Table 

4.2). 
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Figure 4.2 A comparison of the percentage of animals from each site found in each 
size class from 3 sites in the Rockall Trough. The 545m station is shown in red, the 
1210m in blue and the 1474m in green. 

Again, there was an increase in abundance of the smaller size classes (size class -1 to 

3) with increasing depth for the Rockall Trough samples (Table 4.3 and Figure 4.2). 

For mean individual biomass, the 545m Rockall Trough station was significantly 

different from the deeper Rockall stations but the deeper stations were not 

significantly different from each other (Table 4.2). The 1210m station and the 1474m 

station were only 250m apart vertically and showed very similar disfributions (Figure 

4.2). 
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Figure 4.3 A comparison of the percentage of animals from each site found in each 
size class from 4 sites along a depth transect in the Northeast Atlantic, from the Irish 
Sea to the Rockall Trough to Porcupine Abyssal Plain. The Irish Sea samples (pink) 
were from 40m. The Rockall frou^ samples were from 545m (red), 1210m (blue) 
and 1474 (green). The Porcupine Abyssal Plain sample (black) was from 4850m. 

No nematodes smaller than size class 1 were found above 1400m, and the individual 

biomass of nematodes at the Porcupine Abyssal Plain was significantly smaller than 

all of the Rockall Trough stations and both contained nematodes that were 

significantly smaller than the nematodes from the Irish Sea (Table 4.2). 
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Figure 4.4 A comparison of the percentage of animals from each site found in each 
size class from 2 bathyal sites of differing pollution levels and food input The sites 
used were the "106-mile" deep disposal site (red) and a reference site (blue). 

The nematode community from the sludge disposal site had a higher abundance of 

smaller animals than the reference site (Table 4.3 and Figure 4.4). When the mean 

values for individual biomass were examined the two communities were significantly 

different (Table 4.2). 
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Figure 4.5 A comparison of the percentage of animals from each site found in each 
size class from 2 shallow water sites of differing sediment size, a muddy site (red) and 
a sandy site (blue). The sites used were from the Irish Sea. 

The nematodes from the sandy Irish Sea station had a significantly larger mean 

individual biomass than animals from the muddy station (Table 4.2), although this 

was not indicated by the size class distribution (Table 4.3 and Figure 4.5). 
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Figure 4.6 A comparison of the percentage of animals from each site found in each 
size class from 2 abyssal sites of differing food input. The sites used were the 
Porcupine Abyssal Plain (green) and the Madeira Abyssal Plain (black) 

The mean individual biomass from the Porcupine Abyssal Plain (PAP) and Madeira 

Abyssal Plain (MAP) were significantly different from each other, with PAP 

containing smaller animals than MAP, and this was supported by the size class 

distribution (Figure 4.6, Table 4.2 and Table 4.3). 
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Location 

Mean Individual 
Biomass (pg wet 

weight / 
nematode) 

{95% Confidence 
Interval shown 

in brackets} 

Mean Total 
Abundance 

(Individuals / 
lOcm^) 

{95% Confidence 
Interval shown 

in brackets} 

Total Biomass 
(fig wet weight / 

lOcm^) 
{95% Confidence 
Interval shown 

in brackets} 

"Arabesque" - 400m 0.136 1674 217 

"Arabesque" - 700m 0.145 2472 359 

"Arabesque" - 1250m 
0.165 844 138 

"Arabesque" - 3400m 
0.139 494 74 

Rockall Trough - 545m 
0.491 

(±0.0890} 
324 155 

Rockall Trough - 1474m 
0.543 

{±0.405} 
166 68 

San Diego Trough 
0.346 

{±0.0494} 
71 24 

{±7} 
106-Mile Sewage 
Disposal Site - Dumpsite 

0.0744 
{±0.0177} 

421 
M P / 

31 
{^5} 

106-Mile Sewage 
Disposal Site -
Reference site 

0.171 78 14 
N / 

Porcupine Abyssal Plain 
0.241 118 

N p ; 
32 

/±27; 

Madeira Abyssal Plain 
0.307 

{±0.0931} 
58 

N o ; 
18 

Table 4.4 A comparison of mean individual biomass, total abundance and total 
biomass of marine nematode communities from various regions of the world. The 
1210m Rockall Trough station was not shown as abundance data were not available. 
The Irish Sea stations were not shown as samples were from the surface 10cm not just 
the 0-1 cm sediment horizon, so were not comparable to other stations. 
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Figure 4.7 A plot of mean individual biomass (|ig wet weight / nematode) against 
abundance (individuals/1 Ocm )̂ for all stations in Table 4.4. 

There was not a significant correlation between mean individual biomass and 

abundance (Figure 4.7). It appeared that for low abundance the mean individual 

biomass was higher but this was a result of the large animals found in the Irish Sea 

(Table 4.4). 
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Figure 4.8 A plot of mean individual biomass (jag wet weight / nematode) against 
depth (m) for all stations in Table 4.4. 

There was no correlation between mean individual biomass and depth. 
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Figure 4.9 Linear (black), and parabolic (red), regression of total nematode biomass 
(lag wet weight / lOcm )̂, showing the 95% confidence of the means, against depth 
(m) for all stations in Table 4.4. 

There was a significant linear correlation between total biomass and depth (Figure 

4.9, regression y = 188 - 0.04x, r̂  = 37.3%, P = 0.046). However, total biomass per 

unit area appeared to be fairly constant at abyssal depths (deeper than 2000m) 

increasing when moving shallower in the bathyal zone (above 2000m) so may be best 

explained by a logarithmic regression (Figure 4.9, regression y = 758.4 -

89.13(]n{x}), r̂  = 50.7%, P = 0.014). 
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4.2.2 Analysis of Nematode Shape 

Description OMZ 
(centre) 

OMZ 
(centre) 

OMZ 
(boundary) 

Deep Water 
(outside 
OMZ) 

Station 12695 12685 12725 12687 
Water Depth (m) 400 700 1250 3400 
Mean Length (^m) 
{95% Confidence 
Interval shown in 
brackets} 

550 530 520 420 
{±62.8} 

Mean Width (pm) 
{95% Confidence 
Interval shown in 
brackets} 

17.1 
{±0.695} 

16.7 17.6 18.2 
{±1.50} 

Mean Ratio {95% 
Confidence Interval 
shown in brackets} 

32.44 32.25 30.82 24.01 
{±1.69} 

Table 4.5 Mean length, width and the length-to-width ratio of nematodes from each 
of the "Arabesque" study sites. 

Animals from the "Arabesque" study were longest at 400m and decreased in length 

with increasing depth (Figure 4.10, regression y = 566 - 0.0426x, r̂  = 99.1%, P = 

0.005). However, as oxygen and depth were closely correlated, length also correlated 

negatively with oxygen (Figure 4.11, regression y = 545 - 41.9x, r̂  = 98.1%, P = 

0.009). 
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Figure 4.10 Linear regression of mean length of the "Arabesque" nematodes (pm), 
showing the 95% confidence of the means, against depth (m). 
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Figure 4.11 Linear regression of mean length of the "Arabesque" nematodes (|im), 
showing the 95% confidence of the means, against oxygen concentration (ml/1). 

Mean width of the "Arabesque" nematodes negatively correlated most strongly with 

Hydrogen Index (Figure 4.12 regression y = 21.7 — 0.00948x , r̂  = 99.0%, P = 0.005). 

Confidence in the mean also increased with an increase in the hydrogen index as a 

result of less variation in the width. Mean width negatively correlated with nematode 

abundance (Figure 4.13, regression y = 18.4 - 0.000704x, r̂  = 96.4%, P = 0.029). 

This relationship could have been predicted as nematode abundance had already been 

shown to be significantly correlated with the hydrogen index (Figure 3.1 and Figure 

3.2). 
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Figure 4.12 Linear regression of mean width of the "Arabesque" nematodes (|̂ m), 
showing the 95% confidence of the means, against Hydrogen Index (mg 
hydrocarbon/g TOC). 
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Figure 4.13 Linear regression of mean width of the "Arabesque" nematodes (|J.m), 
showing the 95% confidence of the means, against mean nematode abundance 
(individuals/1 Ocm )̂. 

Length-to-width ratio of the "Arabesque" nematodes was significantly correlated with 

oxygen (Figure 4.14, regression = 32.6 - 2.90x, r̂  - 99.7%, P = 0.001) and depth 

(Figure 4.15, regression = 34.1 - 0.00292x, r̂  = 99.1%, P = 0.005). 
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Figure 4.14 Linear regression of mean length-to-width ratio of the "Arabesque" 
nematodes, showing the 95% confidence of the means, against oxygen concentration 
(ml/1). 

Page 186 



Depth (m) 

Figure 4.15 Linear regression of mean length-to-width ratio of the "Arabesque'' 
nematodes, showing the 95% confidence of the means, against depth (m). 
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Location Mean length 
(Hm) {9S% 
Confidence 

Interval shown 
in brackets} 

Mean width 
(nm) (95% 
Confidence 

Interval shown 
in brackets} 

Mean ratio 

Confidence 
Interval shown 

in brackets} 

Mean Logio 
ratio 

{standard 
deviation shown 

in brackets} 
Irish Sea (sandy 
station) 

1148 30.6 37.87 1.531 
AO. 196} 

Irish Sea (muddy 
station) 

999 25.4 40.61 1.564 
AO. 189} 

"Arabesque" -
400m 

550 
{±21.3} 

17.1 
{±0.695} 

32.44 1.495 
AO. 120} 

Rockall Trough -
545m 

840 26u2 35.04 1.486 
A0.219} 

"Arabesque" -
700m 

530 16.7 
{±0.0894} 

32.25 1.48 
A0.151} 

San Diego Trough 710 
{±49.1} 

24.8 
{±1.08} 

2933 1.441 
A0.151} 

Rockall Trough -
1210m 

690 25.1 31.94 
{±2.49} 

1.452 
A0.227} 

"Arabesque" -
1250m 

520 
{±85.0} 

17.6 30.82 1.45 
AO. 190} 

Rockall Trough -
1474m 

670 23 j 31.42 1.158 
AO. 196} 

106-Mile Sewage 
Disposal Site -
Dumpsite 

360 14.7 25.61 1.381 
AO. 154} 

106-Mile Sewage 
Disposal Site -
Reference site 

470 
{±50.0} 

18.6 26.64 
{±1.93} 

1.379 
A0.206} 

"Arabesque" -
3400m 

420 1&2 
{±1.50} 

24.01 1.322 
A0.201} 

Porcupine Abyssal 
Plain 

500 18.3 28.64 1.41 
A0.200} 

Madeira Abyssal 
Plain 

660 
{±60.0} 

21.0 32.98 
^ . 2 7 ; 

1.485 
A0.166} 

Table 4.6 A comparison of mean length, width length-to-width ratio and logio{ratio} 
for all sites used in this study. 

As expected, mean width was significantly correlated with mean length (Figure 4.16, 

regression y - 8.80 + 0.0193x, r̂  = 85.1%, P <0.001). 
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Figure 4.16 Linear regression of mean width of nematodes (pm) against mean length 
of nematodes (|J.m). The 95% confidence of the means were shown. 
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Figure 4.17 Linear (black), and parabolic (red), regression of mean length-to-width 
ratio of nematodes, showing the 95% confidence of the means, against depth (m). 

Mean length-to-width ratio shows a significant negative linear relationship with depth 

(Figure 4.17, regression y = 34.2 - 0.00157x, r̂  = 32.1%, P = 0.035). It could be seen 

that a minimum occurred at 3400m and as such a parabolic curve fitted the data better 

than a straight line (Figure 4.17, regression y == O.OOOOOlx̂  - 0.0088x + 38.776, r̂  = 

0.8525, P < 0.001). However, the inflection was only produced by the presence of 

two points deeper than 3400m. The two deepest stations were removed from the 

graph to investigate the initial decrease in ratio with depth (Figure 4.18). Down to 

3400m, the ratio was inversely proportional to depth with the nematodes becoming 

more squat with increasing depth (Figure 4.18, regression y = 36.8 - 00428x, r̂  = 

83.9%, P < 0.001). 
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Figure 4.18 Linear regression of mean length-to-width ratio of nematodes from 
shallower than 3500m, showing the 95% confidence of the means, against depth (m). 

None of the body measurements correlated significantly with abundance. 

There was a strong negative correlation between length-to-width ratio and oxygen 

concentration in the low oxygen environments examined here (Figure 4.19, regression 

y = - 5 . 1208X +33.143, r̂  = 97.2%, P = 0.014). The sites used ("Arabesque" 400m, 

700m and 1250m and San Diego Trough) had oxygen concentrations ranging from 

0.13ml/l to 0.7ml/l and were from 400m to 1250m depth. When the ratios from the 

same four stations were correlated with depth, the regression was not significant {P = 

0.24). 
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Oxygen Concentration (ml/l) 

Figure 4.19 Linear regression of mean length-to-width ratio of nematodes, showing 
the 95% confidence of the means, against oxygen concentration for reduced oxygen 
bathyal sites. "Arabesque" stations were shown as diamonds, San Diego was shown 
as a square. 

None of the distributions of length-to-width ratio were significantly different from a 

log normal distribution as calculated from the mean and standard deviation. The 

standard deviations of the mean logio {ratio} for the disturbed stations and the 

undisturbed stations were significantly different (Table 4.6, P = 0.0028) (see 

Appendix 1 for a definition as to which sites were considered disturbed and which 

considered undisturbed). The plots showing the theoretical disfributions based on the 

mean and standard deviation for various environments were shown in Figure 4.20 to 

Figure 4.24. 
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Figure 4.20 Cumulative percentage plot of the length-to-width ratios for the 
"Arabesque" samples (400m was red, 700m was blue, 1250m was green and 3400m 
was black), produced using the log-normal distribution based on the standard 
deviation and mean from each station. 

In the "Arabesque" study, nematodes became squatter at deeper depths (Figure 4.20). 

For the three stations affected by reduced oxygen conditions a decrease in oxygen 

corresponded with a decrease in the range of length-to-width ratio. The median value 

for the length-to-width ratio was the ratio at 50% cumulative percentage and could be 

seen to be similar for all bathyal sites irrespective of oxygen concentration. The 

abyssal station had a lower median value as a result of a community composed of 

squat animals. 
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Figure 4.21 Cumulative percentage plot of the length-to-width ratios for the Rockall 
Trough samples (545m was red, 1210m was blue and 1474m was green) and San 
Diego samples (black), produced using the log-normal distribution based on the 
standard deviation and mean from each station. 

The distributions of length-to-width ratios for all depths of the Rockall Trough 

stations were similar (Figure 4.21). Although the median ratio of the San Diego 

Trough station was similar to that of the Rockall Trough stations, the range of length-

to-width ratios was reduced in the San Diego Trough. 
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Figure 4.22 Cumulative percentage plot of the length-to-width ratios for the 106-mile 
sewage disposal site samples (dumpsite was red, reference station was blue), 
produced using the log-normal distribution based on the standard deviation and mean 
from each station. 

The median length-to-width ratio for both stations in the 106-mile dumpsite survey 

were similar but the range of ratios was reduced at the sewage disposal site (Figure 

4.22) 
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Figure 4.23 Cumulative percentage plot of the length-to-width ratios for the Abyssal 
samples (Porcupine Abyssal Plain in green, Madeira Abyssal Plain in black), 
produced using the log-normal distribution based on the standard deviation and mean 
from each station. 

At the slender end of the body shape distribution both the Porcupine Abyssal Plain 

and the Madeira Abyssal Plain were similar (Figure 4.23). However, the range of the 

ratios at the Porcupine Abyssal Plain was greater as more squat animals were found 

than from the Madeira Abyssal Plain. 
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Figure 4.24 Cumulative percentage plot of the length-to-width ratios for the Irish Sea 
samples (muddy was red, sandy was blue), produced using the log-normal distribution 
based on the standard deviation and mean from each station. 

The distributions of ratios from the sandy and muddy sites from the Irish Sea were 

similar (Figure 4.24). 
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Figure 4.25 cumulative percentage plot of the length-to-width ratios for the complete 
data set, produced using the log-normal distribution based on the standard deviation 
and mean from each station. The stations used were the four "Arabesque" stations 
{400m - A400, 700m - A700, 1250m - A1250, 3400m - A3400}, the Irish sea 
muddy station {IS (M)}, the Irish Sea sandy station {IS(S)}, the three Rockall trough 
stations {545m - R545, 1210m - R1210, 1474m - R1474}, the San Diego Trough 
{SD} , The 106-mile sewage disposal site {dumpsite - 106(D), reference station -
106(R)}, Porcupine Abyssal Plain {PAP} and the Madeira Abyssal Plain {MAP}. 
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Figure 4.26 A graph indicating the range of the length-to- width ratios found at each 
station by showing the gradients of the lines from Figure 4.25. The stations used were 
the four "Arabesque" stations {400m - A400, 700m - A700, 1250m - A1250, 3400m 
- A3400}, the Irish sea muddy station {IS (M)}, the Irish Sea sandy station {IS(S)}, 
the three Rockall trough stations {545m - R545,1210m - R1210,1474m - R1474}, 
the San Diego Trough {SD} , The 106-mile sewage disposal site {dumpsite - 106(D), 
reference station - 106(R)}, Porcupine Abyssal Plain {PAP} and the Madeira Abyssal 
Plain {MAP}. A3400 and PAP follow the same line. A1250 and IS(M) follow the 
same line. A700 and SD follow the same line. R1474 and IS(S) follow the same line. 
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4.2.3 Analysis of Nematode Functional Groups 

4.2.3.1 "Arabesque" Data 

a 
H 
Dl) 
e 
•-i 
k 

a> 
a. 
H 
"S 
H 

< 
o o 

pa 
o o -q-

u 
o o 
T t 

< 
o o 

n 
o o 

u 
o o 

< o pa 
o in 
N 

u 
o 
I f ) 

< 
o o 

n 
o § 
fD 

u 
§ 

lA 1 0 0 0 0 0 0 0 0 0 0 0 0 
lA 2 18 20 13 7 5 6 6 7 14 9 4 3 
lA 3 3 11 2 1 3 5 9 17 13 21 19 13 
lA 4 0 0 0 0 0 0 6 5 7 3 5 5 
IB 1 0 0 0 0 0 0 0 0 0 0 0 0 
IB 2 30 39 35 34 33 29 25 21 21 10 13 19 
IB 3 2 1 0 7 1 0 1 1 0 0 2 2 
IB 4 0 0 0 1 2 3 0 1 0 0 3 1 
2A 1 0 0 0 0 0 0 0 0 0 0 0 0 
2A 2 0 0 3 0 0 0 3 3 1 1 1 1 
2A 3 36 30 39 34 49 46 23 24 32 41 37 34 
2A 4 2 0 3 10 5 3 5 0 1 4 1 3 
2B 1 0 0 0 0 0 0 0 0 0 0 0 0 
2B 2 0 0 0 0 0 0 2 0 0 1 0 0 
2B 3 0 0 0 0 0 0 0 0 0 0 0 0 
2B 4 0 0 0 0 0 0 0 0 0 0 0 0 

Table 4.7 Relative abundance of each of the nematode functional groups for 
communities in the "Arabesque" study. 
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Figure 4.27 Distribution of nematode feeding types for communities from the 
"Arabesque" study. 

The 700m station had the lowest percentage of mouth type 1A (Figure 4.27). The 

700m station also had the highest nematode abundance (Table 3.4). 
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lA IB 2A 2B 
Water Depth (m) 0.519 -0.903 -0.016 0.408 
Bottom Water Oxygen (ml/1) 0.504 -0.855 0.027 0.3 
Mean Nematode Abundance (ind./lOcm^) -0.942 0.939 0.655 -0.759 
% TOC {0-0.5cm} -0.52 0.878 0.33 -0.855 
C:N {0-0.5cm} -0.323 -0.123 0.784 -0.522 
Surface Pigment {0-0.5cm} (|J.g/g) -0.13 0.604 0.065 -0.703 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
-0.817 0.99 0.435 -0.691 

% Sand 0.409 -0.268 -0.738 0.839 
Mean Grain Size (fim) 0.392 -0.282 -0.712 0.846 
Median Grain Size (|j,m) 0.008 0.047 -0.44 0.601 
% CaC03 -0.134 0.434 -0.417 0.273 
Mean Macrofauna Abundance (ind./m^) -0.953 0.877 0.801 -0.884 
Macrofauna Tube Builders (ind./m^) -0.963 0.894 0.772 -0.845 
Macrofauna Burrowers (ind./m^) -0.801 0.719 0.848 -0.986 
Macrofauna Epifauna (ind./m^) -0.89 0.414 0.84 -0.419 
Surface Deposit Feeders (ind./m^) -0.79 0.935 0.613 -0.934 
Subsurface Deposit Feeders (ind./m^) -0.2 -0.394 0.67 -0.179 
Carnivorous Feeders (ind./m) 0.712 -0.722 -0.76 0.999 
Macrofauna Diversity (ES(IOO)) 0.654 -&883 -0.521 0.941 
Annelids Abundance (ind./m^) -0.928 0.934 0.714 -0.865 
Spionidae Abundance (ind./m^) -0.926 0.937 0.708 -0.864 
Cirratulidae Abundance (ind./m^) -0.696 0.956 0.46 -0.878 
Ampharetidae Abundance (ind./m^) -0.921 0.548 0.747 -0.408 
Cossuridae Abundance (ind./m^) -0.96 0.569 0.935 -0.662 
Sabellidae Abundance (ind./m^) 0.479 -0.325 -0.781 0.87 
Molluscs Abundance (ind./m^) 0.761 -0.997 -0.437 0.792 
Crustacea Abundance (ind./m'̂ ) -0.585 -0.041 0.87 -0.343 
Mean Macrofauna Biomass (g/m )̂ -0.987 0.661 &89 -0.673 

Table 4.8 Correlation of the abundance of each nematode feeding type against 
various environmental factors in the "Arabesque" study. 
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Figure 4.28 Linear regression of the percentage of animals with type 1A mouths, 
against total nematode abundance (individuals/1 Ocm )̂ for the "Arabesque" samples. 

The abundance of nematodes with feeding type 1A (selective deposit feeders) 

correlated most significantly with nematode abundance (Figure 4.28, regression y -

3 3 . 2 - 0 . 0 0 8 4 X , r^ = 5 8 . 1 % , P = 0 . 0 0 4 ) . 
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Figure 4.29 Linear regression of the percentage of animals with type IB mouths, 
showing the 95% confidence of the means, against Hydrogen Index (mg Hydrocarbon 
/ g TOC) for the "Arabesque" samples. 

The abundance of nematodes with feeding type IB (non-selective deposit feeders) 

correlated most significantly with Hydrogen Index (Figure 4.29, regression y -

0 . 1 4 2 X - 3 5 . 5 , r^ = 9 8 . 1 % , P = 0 . 0 1 ) . 

Mouth type 2A (epistrate feeders) correlated best with Cossuridae abundance, 

however, the regression was not significant. 
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Macrofaunal Carnivore Abundance (Individuals/m ) 

Figure 4.30 Linear regression of the percentage of animals with type 2B mouths, 
showing the 95% confidence of the means, against macrofaunal carnivore abundance 
(individuals/m^) for the "Arabesque" samples. 

The abundance of nematodes with feeding type 2B (omnivore / predator) correlated 

most significantly with macrofaunal carnivore abundance (Figure 4.30, regression y • 

0 . 0 0 0 5 + 0 . 0 0 0 5 7 X , r^ = 9 9 . 8 % , P = 0 . 0 0 1 ) . 
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Figure 4.31 Distribution of nematode tail types for communities from the 
"Arabesque" study. 

There was a relative reduction in tail type 2 (conicocylindrical) at deeper depths and 

the abundance of tail type 4 (filamentous) was reduced at the 400m station (Figure 

4.31). Tail type 1 (rounded) was not observed at any station. 
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Tail 2 Tail 3 Tail 4 
Water Depth (m) -0.908 0.793 0.537 
Bottom Water Oxygen (ml/1) -0.847 0.819 0.424 
Mean Nematode Abundance (ind./10cm^) 0.618 -0.219 -0.274 
% TOC {0-0.5cm| &885 -0.35 -0.853 
C:N {0-0.5cm} -0.435 0.924 0.159 
Surface Pigment {0-0.5cm} (|ag/g) 0.802 -0.31 -0.98 
Hydrogen Index {0-0.5cm} 

(mg hydrocarbon/g TOC) 
0.796 -0.463 -0.442 

% Sand -0.078 -0.601 0.367 
Mean Grain Size (p.m) -0.114 -0.569 0.41 
Median Grain Size (jim) 0.057 -0.623 0.402 
% CaC03 0.518 -0.888 -0.053 
Mean Macrofauna Abundance (ind./m^) 0.521 0.007 -0.291 
Macrofauna Tube Builders (ind./m^) 0.537 -0.049 -0.265 
Macrofauna Burrowers (ind./m^) 0.419 0.255 -0.413 
Macrofauna Epifauna (ind./m^) -0.123 0.341 0.453 
Surface Deposit Feeders (ind./m^) 0.745 -0.172 -0.608 
Subsurface Deposit Feeders (ind./m^) -0.741 0.989 0.533 
Carnivorous Feeders (ind./m^) -0.499 -0.193 0.546 
Macrofauna Diversity (ES(IOO)) -0.783 0.18 0.745 
Annelids Abundance (ind./m^) 0.625 -0.126 -0.368 
Spionidae Abundance (ind./m^) 0.632 -0.135 -0.374 
Cirratulidae Abundance (ind./m^) 0.853 -0.329 -0.714 
Ampharetidae Abundance (ind./m^) 0.048 0.124 0.367 
Cossuridae Abundance (ind./m^) 0.054 0.344 0.203 
Sabellidae Abundance (ind./m^) -0.106 -0.583 0.356 
Molluscs Abundance (ind./m ĵ) -0.855 0.426 0.602 
Crustacea Abundance (ind./m ) -0.54 0.822 0.567 
Mean Macrofauna Biomass (g/m )̂ 0.168 0.216 0.137 

Table 4.9 Correlation of the abundance of each nematode tail type against various 
environmental factors in the "Arabesque" study. 

Tail type 2 (conicocylindrical) correlated most strongly with depth, however, the 

regression was not significant. 
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Figure 4.32 Linear regression of the percentage of animals with type 3 tails, showing 
the 95% confidence of the means, against macrofaunal subsurface deposit feeder 
abundance (individuals/m^) for the "Arabesque" samples. 

The abundance of nematodes with tail type 3 (conical) correlated most significantly 

with macrofaunal subsurface deposit feeders (Figure 4.32, regression y = 38.7 -

0.001 Ix, r̂  - 97.8%, P - 0.011). 
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Surface Pigment (ug/g) 

Figure 4.33 Linear regression of the percentage of animals with type 4 tails, showing 
the 95% confidence of the means, against surface pigment (|ig/g) for the "Arabesque" 
samples. 

The abundance of nematodes with tail type 4 (filamentous) correlated most 

significantly with surface pigment (Figure 4.33, regression y - 9.85 - 0.0103x, r̂  = 

96.0%, P = 0.02). 
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Figure 4.34 Distribution of nematode functional groups for communities from the 
"Arabesque" study. 

Functional group 1A4 only occured at the deeper stations, 1A3 was more abundant at 

the deeper stations but groups 2A3 and 1B2 were consistent for all depths (Table 4.7 

and Figure 4.34). As tail type 1 was not seen at any depth, functional groups lAl, 

IBl, 2A1 and 2B1 were not found at any depth in the "Arabesque" samples. 

Functional groups 2B3 and 2B4 were also not found at any depth in the "Arabesque" 

study. 
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1 A 2 1 A 3 1 A 4 IB 2 IB 3 IB 4 2 A 2 2 A 3 2 A 4 2 B 2 

Water Depth (m) -0.61 0.887 0.593 -0.944 -0.144 0.289 0.125 0.011 -0.16 0.408 
Bottom Water Oxygen (ml/1) -0.53 0.849 0.497 -0.893 -0.137 0.264 0.055 0.076 -0.187 0.3 

Mean Nematode Abundance 0.164 -0.966 -0.857 0.864 0.738 0.351 -0.709 0.616 0.704 -0.759 
(ind./10cm2) 

% TOC (0-0.5cm} 0.726 -0.835 -0.917 0.901 0.248 -0.205 -0.52 0.406 0.099 -0.855 

C:N {0-0.5cm} -0.458 0.095 -0.34 -0.251 0.604 0.706 -0.76 0.835 0.46 -0.522 

Surface Pigment {0-0.5cm} 0.867 -0.529 -0.721 0.677 -0.104 -0.474 -0.287 0.194 -0.289 -0.703 

(Pg/g) 
Hydrogen Index {0-0.5cm} 0.392 -0.998 -0.826 0.961 0.528 0.089 -0.526 0.408 0.5 -0.691 

(mg hydrocarbon/g TOC) 
% Sand -0.054 0.257 0.704 -0.19 -0.512 -0.386 0.831 -0.84 -0.299 0.839 

Mean Grain Size (p-m) -0.101 0.266 0.714 -0.212 -0.481 -0.342 0.814 -0.819 -0.264 0.846 

Median Grain Size (^m) -0.128 -0.082 0.43 0.076 -0.157 -0.139 0.544 -0.578 0.066 0.601 

% CaC03 0.302 -0.439 0.061 0.498 -0.171 -0.368 0.421 -0.514 -0.011 0.273 

Mean Macrofauna Abundance 0.107 -0.903 -0.928 0.782 0.818 0.46 -0.863 0.789 0.736 -0.884 
(ind./m^) 

Macrofauna Tube Builders 0.102 -0.923 -0.905 0.801 0.812 0.45 -0.827 0.749 0.747 -0.845 
(indVm^) 

Macrofauna Burrowers 0.147 -0.726 -0.955 0.628 0.747 0.437 -0.944 0.894 0.586 -0.986 
(ind-Zm^) 

Macrofauna Epifauna (ind./m^) -0.588 -0.498 -0.43 0.25 0.96 0.889 -0.734 0.738 0.999 -0.419 

Surface Deposit Feeders 0.439 -0.927 -0.989 0.895 0.576 0.145 -0.748 0.648 0.451 -0.934 
(ind./m^) 

Subsurface Deposit Feeders -0.763 0.341 0.003 -0.536 0.561 0.817 -0.56 0.671 0.498 -0.179 
(ind./m^) 

Carnivorous Feeders (indVm^) -0.286 0.713 0.968 -0.655 -0.63 -0.298 0.886 -0.829 -0.45 0.999 

Macrofauna Diversity -0.569 0.855 0.98 -0.868 -0.435 -0.002 0.688 -0.588 -0.278 0.941 
(ES(IOO)) 

Annelids Abundance (indVm^) 0.213 -0.952 -0.934 0.858 0.744 0.349 -0.792 0.702 0.668 -0.865 

Spionidae Abundance 
(ind./m^) 

0.221 -0.955 -0.934 0.862 0.738 0.341 -0.787 0.696 0.663 -0.864 

Cirratulidae Abundance 0.585 -0.933 -0.956 0.947 0.428 -0.032 -0.617 0.503 0.308 -0.878 
( i n d . W ) 

Ampharetidae Abundance -0.455 -0.627 -0.465 0.405 0.908 0.768 -0.658 0.635 0.967 -0.408 

( i n d . W ) 
Cossuridae Abundance -0.397 -0.636 -0.66 0.412 0.993 0 ^ 3 -0.887 0.872 0.968 -0.662 

(ind./m^) 
Sabellidae Abundance -0.042 0.319 0.744 -0.241 -0.57 -0.424 0.87 -0.874 -0.363 0.87 

(ind./m^) 
Molluscs Abundance (ind./m^) -0.516 0.988 0.905 -0.981 -0.47 -0.007 0.566 -0.445 -0.396 0.792 

Crustacea Abundance (ind./m^) -0.789 -0.035 -0.227 -0.217 0.856 0.984 -0.747 0.821 0.831 -0.343 

Mean Macrofauna Biomass -0.307 -0.725 -0.699 0.517 0.969 0.758 -0.855 0.823 0.952 -0.673 
(g/m^) 

Table 4.10 Correlation of the 
various environmental factors 

abundance of each nematode functional group against 
in the "Arabesque" study. 
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Figure 4.35 Linear regression of the percentage of functional group 1A 3 animals, 
showing the 95% confidence of the means, against hydrogen index (mg hydrocarbon / 
g TOC) for the "Arabesque" samples. 

The abundance of functional group 1A 3 animals correlated most significantly with 

hydrogen index (Figure 4.35, regression y = 54.5 - 0.0996x, r̂  = 99.5%, P = 0.002). 
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Figure 4.36 Linear regression of the percentage of functional group 1A 4 animals, 
showing the 95% confidence of the means, against macrofaunal surface deposit feeder 
abundance (individuals / m )̂ for the "Arabesque" samples. 

The abundance of functional group 1A 4 animals correlated most significantly with 

macrofaunal surface deposit feeders (Figure 4.36, regression y - 5.98 - O.OOOSx, r̂  = 

97.8%, P = 0.011). 
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Figure 4.37 Linear regression of the percentage of functional group IB 2 animals, 
showing the 95% confidence of the means, against macrofaunal mollusc abundance 
(individuals / m )̂ for the "Arabesque" samples. 

The abundance of functional group IB 2 animals correlated most significantly with 

macrofaunal mollusc abundance (Figure 4.37, regression y = 33.6 - 0.025x, r̂  = 

96.3%, f = 0.019). 
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Cossuridae Abundance (Individuals/m ) 

Figure 4,38 Linear regression of the percentage of functional group IB 3 animals, 
showing the 95% confidence of the means, against cossurid abundance (individuals / 
m )̂ for the "Arabesque" samples. 

The abundance of functional group IB 3 animals correlated most significantly with 

Cossuridae abundance (Figure 4.38, regression y - 0.666 + 0.00172x, r̂  = 98.6%, P = 

0.007). 
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Crustacean Abundance (Individuals/m) 

Figure 4.39 Linear regression of the percentage of functional group IB 4 animals, 
showing the 95% confidence of the means, against macrofaunal crustacean abundance 
(individuals / m )̂ for the "Arabesque" samples. 

The abundance of functional group IB 4 animals correlated most significantly with 

macrofaunal crustacean abundance (Figure 4.39, regression y = 0.113 + 0.00Ix, r̂  -

96.8%, P = 0.016). 

The abundance of functional group 2A 2 and 2A 3 animals did not correlate 

significantly with depth. 
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Macrofaunal Epifaima Abundance (Individuals/m ) 

Figure 4.40 Linear regression of the percentage of functional group 2A 4 animals, 
showing the 95% confidence of the means, against macrofaunal epifauna abundance 
(individuals / m )̂ for the "Arabesque" samples. 

The abundance of functional group 2A 4 animals correlated most significantly with 

macrofaunal epifauna abundance (Figure 4.40, regression y = 1.61 + 0.0328x, r̂  = 

99.8%, P = 0.001). 
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Macrofaunal Carnivore Abundance (Individuals/m ) 

Figure 4.41 Linear regression of the percentage of functional group 2B 2 animals, 
showing the 95% confidence of the means, against macrofaunal carnivore abundance 
(individuals / m )̂ for the "Arabesque" samples. 

The abundance of functional group 2B 2 animals correlated most significantly with 

macrofaunal carnivore abundance (Figure 4.41, regression y = 0.005 + 0.00057x, r̂  

99.8%, P = 0.001). 
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Figure 4.42 Cluster analysis of the untransformed "Arabesque" nematode functional 
group data. The similarity matrix was constructed with Bray-Curtis similarity and 
group average clustering was used for cluster analysis. 

The first split in the cluster analysis of nematode functional groups from the Oman 

margin separated the shallow stations from the deeper stations (Figure 4.42). This 

corresponded to the same initial split in the cluster analysis of species composition 

and could be because of oxygen or depth (Figure 3.22). The branch containing the 

shallow stations then formed two separate depth clusters. The deeper stations did not 

separate convincingly. 
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4.2.3.2 Comparison With Archive Data 

40% -

Figure 4.43 Feeding types of nematodes from the world dataset in order of depth of 
sample. IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, Bx were the Bay of Biscay samples with 'x' being depth, Ax were the 
"Arabesque" samples with 'x' being depth, Rx were the Rockall Trough samples with 
'x' being depth, SD was the San Diego Trough Sample, Ex were the abyssal Pacific 
samples with 'x' being latitude, HI was the HEBBLE 1 station, H2 was the HEBBLE 
2 station, PAP was the Porcupine Abyssal Plain sample, MAP was the Madeira 
Abyssal Plain sample, HAP was the Hatteras Abyssal Plain sample and PR was the 
Puerto Rico Trench sample. 

Shallower stations tended to have a higher percentage mouth type IB (non-selective 

deposit feeders) with deeper stations having a higher percentage of mouth type 1A 

(selective deposit feeders) (Figure 4.43). 

Feeding Type 1A Feeding Type IB Feeding Type 2A Feeding Type 2B 
0.743 -0.52 -0.178 0.037 

Table 4.11 Correlation of nematode feeding type against depth for the world dataset. 
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Figure 4.44 Linear regression of the percentage of animals with type lA mouths 
against depth (m) for the world dataset. 

The abundance of feeding type 1A (selective deposit feeders) correlated significantly 

with depth (Figure 4.44, regression y - 20.2 + 0.00677x, r̂  = 55.2%, P < 0.001). 
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Depth (m) 

Figure 4.45 Linear regression of the percentage of animals with type IB mouths 
against depth (m) for the world dataset. 

The abundance of feeding type IB (non-selective deposit feeders) correlated 

significantly with depth (Figure 4.45, regression y = 36.9 - 0.00556x, r̂  = 27.0%, P •• 

0.005). 

Feeding types 2A (epistrate feeders) and 2B (omnivores / predators) did not 

significantly correlate with depth and none of the feeding types significantly 

correlated with oxygen concentration. 
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Figure 4.46 Tail types of nematodes from the world dataset in order of depth of 
sample. IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station. Ax were the "Arabesque" samples with 'x' being depth, Rx were the Rockall 
Trough samples with 'x' being depth, SD was the San Diego Trough Sample, Ex were 
the abyssal Pacific samples with 'x' being latitude, HI was the HEBBLE 1 station, H2 
was the HEBBLE 2 station, PAP was the Porcupine Abyssal Plain sample and MAP 
was the Madeira Abyssal Plain. 

The abyssal stations (EO, E2, E5, E9, E23, HI, H2, PAP and MAP) had more animals 

with type 4 tails (filamentous), with the abyssal Pacific stations also having noticeably 

lower percentages of type 2 tails (conicocylindrical) (Figure 4.46). 

Tail Type 1 Tail Type 2 Tail Type 3 Tail Type 4 

-0.044 -0.423 -0.517 0.945 

Table 4.12 Correlation of nematode tail type against depth for the world dataset. 

Tail type I (rounded) did not correlate significantly with depth. 
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Figure 4.47 Linear regression of the percentage of animals with type 2 tails against 
depth (m) for the world dataset. 

The abundance of tail type 2 (conicocylindrical) correlated significantly with depth 

(Figure 4.47, regression y = 38.2 - 0.00369x, r̂  = 17.9%, P = 0.025). 
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Figure 4.48 Linear regression of the percentage of animals with type 3 tails against 
depth (m) for the world dataset. 

The abundance of tail type 3 (conical) correlated significantly with depth (Figure 

4.48, regression y = 58.5 + 0.0045x, r̂  = 26.7%, P = 0.005). 
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Figure 4.49 Linear regression of the percentage of animals with type 4 tails against 
depth (m) for the world dataset. 

The abundance of tail type 4 (filamentous) correlated significantly with depth (Figure 

4.49, regression y = 0.58 + 0.00827x, r̂  = 89.4%, P < 0.001). 
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Figure 4.50 Linear regression of the percentage of animals with type 3 tails against 
oxygen concentration (ml /1) for the world dataset The samples used were the 
"Arabesque" samples (diamonds) and the San Diego Trough sample (square). 

The only tail type to correlate with oxygen was type 3 (conical) which correlated 

significantly with oxygen concentration for all the samples where oxygen 

concentration was known (Figure 4.50, regression y = 47.1 + 6.5 Ix, r̂  = 81.1%, P = 

0.037). 

Page 227 



1 
8 0 % -

6 0 % -

W W U X 

• 2 B 4 

B2B3 

• 2 B 2 

B2BI 

• 2A4 

• 2A3 

• 2A2 

• 2 A 1 

• 1B4 

• 1B3 

• 1B2 

• 181 

• 1A4 

• 1A3 

• 1A2 

• lAl 

Figure 4,51 Functional groups of nematodes from the world dataset in order of depth 
of sample. IS (M) was the Irish Sea muddy station, IS (S) was the Irish Sea sandy 
station, Ax were the "Arabesque" samples with 'x' being depth, Rx were the Rockall 
Trough samples with 'x' being depth, SD was the San Diego Trough Sample, Ex were 
the abyssal Pacific samples with 'x' being latitude, HI was the HEBBLE 1 station, H2 
was the HEBBLE 2 station, PAP was the Porcupine Abyssal Plain sample and MAP 
was the Madeira Abyssal Plain. 

Functional group IB 3 was noticeably more abundant in the Mersey samples (it never 

exceeds 10% in the other stations) and group lA 4 occured mainly at the deep stations 

(Figure 4.51). There were no other noticeable trends in Figure 4.51. 
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Fimctional Group Correlation with depth (m) Is correlation significant at 
the 95% level? 

lAl 0.123 No 
1A2 -0.099 No 
1A3 0.467 Yes 
1A4 0.785 Yes 
IBl -0.21 No 
1B2 -0.57 Yes 
1B3 -0.44 No 
1B4 0.451 Yes 
2A1 -0.294 No 
2A2 0.08 No 
2A3 -0.421 Yes 
2A4 0.806 Yes 
2B1 -0.066 No 
2B2 0.05 No 
2B3 -0.209 No 
2B4 0.305 No 

Table 4.13 Correlation of nematode functional group against depth for the world 
dataset. 
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Figure 4.52 Linear regression of the percentage of functional group 1A 3 animals 
against depth (m) for the world dataset. 
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The abundance of nematode functional group 1A 3 correlated significantly with depth 

(Figure 4.52, regression y = 8.01 + 0.00219x, r̂  = 21.8%, P = 0.012). 
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Figure 4.53 Linear regression of the percentage of functional group 1A 4 animals 
against depth (m) for the world dataset. 

The abundance of nematode functional group lA 4 correlated significantly with depth 

(Figure 4.53, regression y = 0.00485x - 0.45, r̂  = 61.7%, P < 0.001). 
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Depth (m) 

Figure 4.54 Linear regression of the percentage of functional group IB 2 animals 
against depth (m) for the world dataset. 

The abundance of nematode functional group IB 2 correlated significantly with depth 

(Figure 4.54, regression y = 21.9 - 0.00362x, r̂  = 32.5%, P = 0.002). 
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Figure 4.55 Linear regression of the percentage of functional group IB 4 animals 
against depth (m) for the world dataset. 

The abundance of nematode fimctional group IB 4 correlated significantly with depth 

(Figure 4.55, regression y = 0.00118x - 0.06, r̂  = 20.3%, P - 0.016). 
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Figure 4.56 Linear regression of the percentage of functional group 2A 3 animals 
against depth (m) for the world dataset. 

The abundance of nematode functional group 2A 3 correlated significantly with depth 

(Figure 4.56, regression y = 33.4 - 0.00323%, r̂  - 17.7%, P = 0.026). 
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Figure 4.57 Linear regression of the percentage of functional group 2A 4 animals 
against depth (m) for the world dataset. 

The abundance of nematode functional group 2A 4 correlated significantly with depth 

(Figure 4.57, regression y - 0.087 + 0.00177x, r̂  = 64.9%, P < 0.001). 
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Figure 4.58 Linear regression of the percentage of functional group 1A 3 animals 
against oxygen (ml /1) for the world dataset. The samples used were the "Arabesque' 
samples (diamonds) and the San Diego Trough sample (square). 

The only functional group to correlate with oxygen was 1A 3 animals which 

correlated significantly with oxygen concentration for the samples from reduced 

oxygen environments (Figure 4.58, regression y = 0.27 + 29.Ox, r̂  — 97.2%, P -

0.014). 
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Figure 4.59 Cluster analysis of nematode functional groups from around the world. 
The similarity matrix was constructed with Bray-Curtis similarity and group average 
clustering was used for cluster analysis. IS (M) was the Irish Sea muddy station, IS 
(S) was the Irish Sea sandy station, Ax were the "Arabesque" samples with 'x' being 
depth, Rjc were the Rockall Trough samples with 'x' being depth, SD was the San 
Diego Trough Sample, Ex were the abyssal Pacific samples with 'x' being latitude, 
HI was the HEBBLE 1 station, H2 was the HEBBLE 2 station, PAP was the 
Porcupine Abyssal Plain sample and MAP was the Madeira Abyssal Plain. 

The first group to separate based on functional group contained the abyssal Pacific 

samples, followed by a group containing the remaining abyssal samples which were 

all from the Atlantic ocean (Figure 4.59). The next cluster to separate contained the 

samples from the Mersey Estuary. Beyond this, the remaining samples did not form 

clusters according to location or known environmental variables, although there was a 

cluster which contains all the reduced oxygen "Arabesque" samples and one of the 

Clyde samples (Clyde D). 
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4.3 Discussion 

4.3.1 Analysis of Nematode Size 

Mean individual biomass of nematodes from around the world did not appear to 

decrease with depth, although total nematode biomass did decrease with depth. 

Therefore, the trend in body size with depth should only be investigated within the 

same environments so that only depth, or factors that it directly influences, change 

between stations. This was only possible for two environments used here, the 

"Arabesque" samples (although there is also an oxygen concentration gradient at 

these sites) and the suite of samples which can be considered a transect in the North 

east Atlantic (Irish Sea, Rockall Trough and Porcupine Abyssal Plain). 

The 400m site was the only "Arabesque" station containing nematodes that were 

significantly different in mean size to the other "Arabesque" stations. Nematodes had 

a significantly larger mean individual biomass at 400m than at any other depth. The 

difference between the stations was not noticeable from the size class graphs. This 

was different to the macrofaunal results which showed maximum mean individual 

biomass and total biomass at the 700m station (Levin et al, 2000). The other region 

that could be examined for a depth frend was in the Northeast Atlantic from the Irish 

Sea to the Porcupine Abyssal Plain. There was a significant decrease in mean 

nematode biomass from the offshore samples to the bathyal samples and then to the 

abyssal sample for this fransect This was supported when the size class graphs were 

examined. Although not shown with the "Arabesque" stations, the reduction in body 

size with depth shown in the Northeast Atlantic was consistent with the work of Thiel 

(1975). A possible explanation of the "Arabesque" samples not showing a decrease in 

size with depth, was that in confrast to the Northeast Atlantic transect the 

"Arabesque" fransect was over a relatively resfricted depth range. 
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Thiel (1975) was the first to investigate bathymetric trends in body size and suggested 

that average body size decreased with increasing depth as a result of the meiofauna 

becoming more significant in controlling mean body size of communities. He 

suggested that this was as a result of macrofauna decreasing in abundance with depth 

at a faster rate than the meiofauna Larger animals place more demands on the 

environment for metabolism because metabolic rate increases with size, but metabolic 

rate per unit biomass decreases with an increase in size (Peters, 1983). This means 

that for a set total biomass (which will be controlled by food input), it is more viable 

for a community to be made up of a few larger animals than many smaller animals as 

larger organisms expend less energy per unit mass than smaller organisms. The ideas 

of Peters (1983) have been shown to apply to marine systems (Childress et ai, 1990; 

Shirayama, 1992; Mahaut et al, 1995). Thiel (1975, 1979) suggested that the 

tendency for metabolic efficiency to select for larger size must be counteracted by 

other factors. He suggested that the low amounts of food found in the deep-sea put 

large animals at a disadvantage because of the high food demand to support 

themselves in numbers suitable for successful reproduction. Communities composed 

of smaller animals in higher abundance were more reproductively viable than larger 

animals in lower abundance at the low faunal densities in the deep-sea. (Thiel, 1975, 

1979). Smaller size may be a compromise between food limitation, metabolic rates 

and reproductive success. Thiel (1975) referred to this combination of factors as the 

"selective determinant" of average organism size. 

Attempts to test Their s hypothesis have produced conflicting results. Nematode 

biomass has been reported to increase (Shirayama, 1983, Tietjen, 1984, 1989) 

decrease (Pfannkuche, 1985; Soetaert and Heip, 1989) or have no relationship 

(Jensen, 1988) with depth. Individual macrofaunal biomass has also been shown to 

have the same varying responses to depth (Rex and Etter, 1998). Shirayama (1983) 

suggested that the variation in responses could be attributed to sampling or sorting 

methods and suggested that depth was also not always a single control on nutrient 

availability. Rex and Etter (1998) state that one of the main problems with assessing 

body size changes with depth was the lack of a standard measurement for body size. 

In this study all samples were measured by one researcher to avoid bias. Rex and Etter 

(1998) attributed the varying response of size to depth to a mixing faunal components 

or different stages of development and when they examined changes in size with 
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depth within different life stages of eight gastropod species they found size to increase 

with increased depth. Lampitt et al. (1986) and Jumars and Wheatcroft (1989) have 

suggested that the apparent decrease in average size with depth may reflect species 

changes rather than changes within species. All individuals were measured to reduce 

the effects of individual species. It was understood that this may mask within species 

changes but it was community changes that were the primary concern in this study. 

Whether individuals change in size or different species were selected, the same effects 

were seen, that some environmental factor results in a physiological or ecological 

advantage of being a different size. Further work would be required to determine 

whether size change was intraspecific. This may reveal whether the response was 

physiological or genetic. 

Only samples from similar depths should be examined when investigating the effect 

of food on body size as mean individual biomass has been shown to correlate with 

depth. The two comparisons where this was possible in this study were firstly 

between Madeira Abyssal Plain and Porcupine Abyssal Plain and secondly between 

the 106-mile sewage disposal site and the associated reference site. The Porcupine 

Abyssal Plain received a higher food flux than the Madeira Abyssal Plain and the 

disposal site received more food than the reference site. Both comparisons show the 

same trend of an increase in food in the deep sea being associated with decrease in the 

size of nematodes. The response was shown both in the significant difference in 

mean individual nematode biomass and also in the size class graphs. Other studies 

have shown that body size decreases as abundance increases across many taxa when 

whole communities were examined (Currie, 1993; Cotgreave, 1993; Brown, 1995). 

The sites of increased food input had higher abundance of individuals in addition to 

having smaller individuals. 

Animals are often considered as r-strategists or AT-strategists. ^-strategists tend to be 

tolerant to disturbance whereas AT-strategists tend to be excluded in disturbed 

environments. Originally r-selection was considered as selection for high population 

growth in uncrowded environments with X-selected species occurring in competitive 

environments. An 'r' lifestyle would be one where individuals partition a greater 

amount of energy towards reproduction, by producing more eggs, and hence there 

would be associated population growth. Animals living with 'AT' lifestyles would tend 
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to partition less energy into reproduction and more into growth, 'r' and 'AT" species 

are concepts and it is suggested here that nematodes in the deep sea cannot be 

specifically classified as V or species but will move more towards the lifestyle of 

one or the other as conditions change. When food is scarce, individuals will react by 

being larger as they were moving towards a 1̂0 lifestyle, partitioning less energy into 

reproduction and more into survival. When food is increased, in a food limited 

environment, nematodes will quickly respond with mass reproduction, an indication 

of an 'r' lifestyle. Animals will be smaller if mass reproduction occurs, as less energy 

would have been partitioned for growth. This study suggests that animals in areas of 

the deep-sea with increased food supply will be small because of the transition from a 

lifestyle associated with 'tC species to that associated with V species. An increase in 

food was also associated with an increase in abundance, supporting the idea that 

nematodes were reproducing. This response could be an ecological response, because 

of a change in nematode species, but in the deep sea it was probably more likely 

intraspecific change in behaviour. 

No correlation between diversity and body size was found in this study. Other studies 

investigating the correlation between diversity and body size seem to show that in 

many cases the correlation was negative (May, 1988; Blackburn and Gaston, 1994). 

Although Fenchel (1993) and Finlay et al. (1996) suggested that below a certain size 

diversity decreases with decreasing body size. 

The Irish Sea samples allow an examination into the effect of sediment size on the 

body size of nematodes. Although the distribution of body size as shown in the size 

class graphs does not appear to be different, the mean individual biomass of the 

animals from the sandy station was significantly larger than of those from the muddy 

station. This contradicts the work of Tita et al. (1999) who found animals in coarser 

sediment to be smaller than those in finer sediment 

4.3.2 Analysis of Nematode Shape 

The length-to-width ratio was not a measure of body size; it was a measure of shape. 

A large ratio does not mean the a n i m a l was large, it indicates a more slender animal 
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with a larger surface area to volume ratio than a nematode with a small ratio. 

Animals with large ratios will be referred to as slender and those with low ratios as 

squat. 

The strong linear correlation between length and width indicates that nematodes tend 

to increase in width and length proportionately. If this was strictly true, the length-to-

width ratio would be constant but it was not. 

Jensen (1986) examined the nematode communities found in shallow sandy sediments 

subject to low oxygen conditions. He quantified the slendemess of nematodes along a 

100m horizontal sulphide gradient and showed that thiobiotic species were more 

slender, with a higher surface area to volume ratio, than oxybiotic species. This study 

showed that reduced oxygen bathyal sites have more slender nematodes than the 

higher oxygen stations. This was consistent with the theory of Jensen (1986), who 

hypothesised that animals living in environments with lower oxygen concentration 

would be slender to facilitate oxygen uptake. This shows that the patterns found by 

Jensen (1986) hold true in deep-sea muddy sediments as well as shallow water sandy 

sediments. Jensen (1986) wanted to isolate the effect of increased oxygen uptake and 

increased epidermal uptake of organic matter as he suggested that the larger surface 

area to volume ratio may be a response to allow increased epidermal uptake of 

organic matter. The length-to-width ratios for the "Arabesque" study significantly 

correlate with oxygen concentration but with none of the measures of food so this 

study was consistent with oxygen being the controlling factor, not organic matter. 

The significant negative correlation between oxygen concentration was also shown 

when the sample from the San Diego Trough, where oxygen concentrations were 

lower than normal, was included with the results from the "Arabesque" study. 

Jensen (1986) suggested that the elongation of thiobiotic species was an adaptation of 

oxybiotic nematodes to the environment and not that oxybiotic nematodes were 

evolved from slender animals found in thiobiotic environments. This conclusion was 

reached as the species found in the thiobiotic environments were from many different 

higher taxa composed primarily of oxybiotic species. It would be expected that 

higher taxa would be composed of thiobiotic or oxybiotic species and not a 

combination of the two, if oxybiotic species evolved from thiobiotic species. The 
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findings of Jensen (1986) supported Reise and Ax (1980) who refuted the concept of a 

meiofaunal thiobios. As most of the genera and families from the OMZ were also 

found in the non-OMZ samples, it suggested that the elongation of individuals was a 

sub-generic adaptation rather than as a result of the occurrence of more slender 

genera. No order was excluded from the OMZ indicating that ability to survive in low 

oxygen conditions was a trait of all nematodes. This may explain why nematodes are 

successftil parasites, as many situations where parasites flourish are often anoxic 

(Briant, 1992.). Bemhard et al. (2000) showed examples of bacterial symbiosis in 

many species, including nematodes, living in low oxygen environments, suggesting 

that this may be a method by which species can survive extremely low oxygen 

conditions. The oxygen concenfrations found in this study were unlikely to be low 

enough for species to require symbiosis, but the increase in nematode surface area to 

volume would increase the potential area for ectobionts in addition to potentially 

increasing cross membrane oxygne fransport. 

When the length-to-width ratios from all sites were examined (not just reduced 

oxygen bathyal sites), the low oxygen sites did not deviate from normoxic sites, 

meaning that there was at least one other controlling factor that has more of an effect 

on the length-to-width ratio. The most likely confrolling factor was depth. Down to 

3400m the mean ratio and depth were significantly linearly correlated with an 

increase in depth being associated with an reduction in the mean length-to-width ratio 

(P<0.001). The two stations deeper than 3400m appear to contain more elongated 

individuals than would be expected from this correlation so the true correlation may 

not be linear. The linear correlation including these deep stations was still significant 

(P=0.035). Potential factors that change with depth include pressure, food and 

sediment characteristics, amongst others. It was hard to see how pressure would 

affect body shape. 

Chia and Warwick (1969) investigated the uptake of food through membranes by 

nematodes. When food is rich, it may be advantageous for nematodes to have 

increased uptake of Dissolved Organic Matter (DOM) though the epidermal layer 

(Jensen, 1986). However, when food becomes scarce, or if there is a decrease in 

DOM, uptake of DOM may be reduced in preference feeding on Particulate Organic 

Matter (POM). Cross membrane uptake of DOM may also be reduced when 
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competition for DOM is higher than that for POM, making it more advantageous for 

nematodes to gain a higher proportion of their food budget from POM. Slender 

animals will have a larger surface area to volume ratio of both the epidermis and the 

membrane of the gut. Following the theory of Jensen (1986), nematodes may be more 

likely to be squat, if cross-membrane uptake was reduced, as there was less advantage 

of being slender. This could explain the trend towards squat nematodes with an 

increase in depth. An increase in slendemess at the Madeira Abyssal Plain and the 

Porcupine Abyssal Plain may be an indication of the relative importance of DOM 

over POM as a food source. This explanation was speculative about the two deep 

sites and should be considered with care, as there were no other deep stations to 

compare them with. 

Animals living in sediment can move in one of two ways, they can burrow through 

sediment or slide interstitially between the grains (Coull, 1988). When the size 

separating 'burrowers' from 'sliders' has been considered it has been studied using a 

measure of individual biomass (Warwick, 1984). Shape is probably more important 

than size when movement through sediment is being considered. For the same 

individual biomass it was suggested that animals adapted to living interstitially will 

tend to be more slender than those that live as burrowers. This was because slender 

animals will have less of a cross section with which to push sediment out of the way 

and also increasing length would result in more friction in cohesive sediments where 

burrowers tend to be found (Coull, 1988). Schwinghamer (1981) stated that the 

sediment clay content determines the amount of interstitial space and therefore the 

maximum size of interstitial animals. Adaptation to interstitial life was often 

achieved by the reduction of width only (Giere, 1993). Reduction in width would 

result in an increase in the length-to-width ratio. The coarser the sediment, the more 

chance there is that nematodes will be living interstitially so will be slender. This 

result was not supported here as the muddy site in the Irish Sea had more slender 

individuals than the sandy site, but the result was not significant Sediments generally 

become finer with an increase in depth (Gage and Tyler, 1991) and as such it was 

expected that nematodes will move towards a burrowing lifestyle, becoming squatter, 

with increased depth. The Madeira Abyssal Plain was the site of a turbidity current, 

so the surface sediment at this location will be of shallower origin, being coarser than 

would expected from depth. The sediment in the western approaches to English 
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Channel, which may include the Porcupine Abyssal Plain, was coarser than expected 

as a result submarine canyons channelling coarse sediment into the deeper water 

(Vincx et al 1994 and references therein). If sediment was controlling morphology, 

this may help to explain why nematodes found on the Madeira and Porcupine Abyssal 

Plains were more slender than would be expected from depth, as they resemble 

organisms from shallower environments. Again, this explanation was speculative 

about the two deep sites and should be considered with care, as there were no other 

deep stations with which to compare them. 

It would appear that increasing depth results in communities being composed of more 

squat animals. The most likely explanation for the nematodes found at the two 

deepest stations deviating from the expected trend was a combination of higher than 

expected food availability and a coarser than expected sediment Examining more 

nematode communities from abyssal depths could test this. 

The cumulative percentage plots of length-to-width ratio were the theoretical 

lognormal distributions of the population, determined from the mean and standard 

deviation of the length-to-width ratios from each sample. The distributions can be 

compared using statistics, but it was easier to interpret the graphs. A steeper gradient 

indicated a smaller range of length-to-width ratios. To examine the effect of 

disturbance on body shape distribution it was necessary to examine individual study 

sites before a universal theory was established. 

The stations from the "Arabesque" project above the 0.5ml/l oxygen concentration 

threshold had lines of the same gradient but were at different positions. This meant 

that the distributions for the two sites were similar, but with different median values. 

The 3400m station had a lower median ratio and this has been explained to be a 

consequence of depth. The three bathyal stations had similar median values which 

was as a consequence of them all being at similar depths. The gradients of the 

distributions were related to oxygen concentration with a reduction in oxygen being 

associated with a steeper gradient. Reduction in range of body shape occured at both 

ends of the disfribution, indicating a loss of both very slender and very squat animals 

The bathyal Rockall Trough samples all showed a similar distribution but this was 
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contrasted by the San Diego Trough, which had a steeper gradient. All four locations 

were from similar depths so had similar median ratios but the San Diego Trough 

sample had a steeper gradient San Diego Trough was a stressed environment subject 

to lower oxygen conditions than the Rockall Trough. Reduced oxygen concentrations 

corresponded with reduced range of length-to-width ratios. 

It was observed that the range of distribution of length-to-width ratios of nematodes 

from the 106-mile sewage dumpsite (a disturbed environment) was less than of those 

from the reference station, although the median values were similar as they were from 

the same depth. The range of animals from the Madeira Abyssal Plain was less than 

for those from the Porcupine Abyssal Plain because of a reduction the abundance of 

squat animals. The Madeira Abyssal Plain was considered to be a disturbed site 

affected by a turbidite (Lambshead et al, 1995) and it could be suggested that the 

reduction in range was a consequence of changes in sediment characteristics. 

However, the two samples from the Irish Sea showed that there was no apparent 

change in the distribution between the sandy and muddy station. 

From all the data it appears that a reduction in range of length-to-width ratios occured 

in 'disturbed' environments irrespective of whether the disturbing agent was oxygen, 

pollution or a turbidite. The environments which were determined to be disturbed a 

priori could be separated from those considered to be undisturbed from the gradient 

of the line representing the distribution of the length-to-width ratios (or the standard 

deviation of the ratios). Therefore, while the position of the line was determined by 

the mean ratio, which was confrolled by depth, the gradient was controlled by 

disturbance. The reduction occured primarily by there being fewer animals at the 

squat end of the distribution, although there was also some decrease in the number of 

slender animals. There may be significance in the reduction in the range of ratios at 

the Madeira Abyssal Plain only occurring at the squat end of the distribution. 

Any change in disfribution could be a consequence of a reduction in species that have 

specific length-to-width ratios or it could be a reduction in the intra-specific variation. 

The only way to test this would be to examine a single species in different 

environments to determine whether there was a change in the range of length-to-width 

ratios. This was not practical in the deep sea where abundance, particularly of 
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individual species, is low and identification to species level is not always possible. 

The reduction in the range of ratios suggests a reduction in genetic diversity, unless 

the response was physiological and has no genetic component. Van Voorhies (1996) 

stated that, geographical variation in size might be a response of localised ecological 

factors that do not reflect genetic differences. Whatever was causing the change in 

length-to-width ratio, the response can be used as an indicator of disturbance, 

increasing the possibility of the use of nematodes in monitoring programmes as few 

specialist skills were required for measurement (compared to the skills required for 

identification). 

4.3.3 Analysis of Nematode Functional Groups 

Deposit feeders (mouth types 1A and IB) were dominant at all of the "Arabesque" 

locations. This was consistent with the results obtained by other authors who have 

examined nematode feeding types in the deep sea (Tietjen, 1984; Thistle and 

Sherman, 1985; Rutgers van der Loeff and Lavaleye, 1986; Thistle at el., 1995). 

Nematodes with type 1A mouths were associated with bacterial feeding, and those 

with type IB associated with larger particles (Alongi and Tietjen, 1980; Romeyn and 

Bouwman, 1983). Within the "Arabesque" study there was a decrease in the relative 

abundance of type 1A mouths compared to type IB as nematode abundance increases. 

This transition suggests that there was a decrease in the relative importance of 

bacteria as a food source, compared to larger particles, as population size increases. 

This may be indirectly associated with a change in food, as nematode abundance has 

been shown to be strongly correlated with food. 

For the archived data, increased depth was significantly correlated with an increase in 

feeding type 1A and a decrease in type IB. This result was consistent with that from 

the "Arabesque" study as nematode abundance tends to decrease with depth (Vincx et 

al, 1994) and an decrease in abundance in nematodes in the "Arabesque" study was 

associated with a increase in type mouth type 1A and a decrease in type IB. 

Nematode abundance has been suggested to decrease with increased depth as a 

consequence a reduction in food (Lambshead et al, 1994). An increase in deposit 

feeding nematodes that feed on larger particles (IB feeding type) relative to those that 

Page 246 



feed on smaller particles occurred in areas of increased food. This may be as a result 

of bacteria accounting for a higher proportion of the food budget for nematodes in 

food limited environments. This disagrees with the data presented by Brown (1998) 

who suggested that buccal morphology IB was associated with the typical feeding 

strategy of deep-sea nematodes with type 1A being found in areas of greater food 

availability. 

Samples separate into those from the OMZ and those from deeper water when cluster 

analysis of the nematode frmctional group data for the "Arabesque" study was 

determined. The deeper stations did not form distinct depth clusters but the shallower 

samples separated into the two separate stations. This was consistent with the results 

obtained with the multivariate community analysis. The explanation of the 

multivariate diversity analysis attributed this break to an oxygen concentration 

threshold occurring between 0.16ml/l and 0.52ml/l and it seems reasonable to assume 

the same structuring processes were occurring here. 

Tail type 3 significantly positively correlated with oxygen concentration. Functional 

group 1A3 also significantly correlated with oxygen, but was probably as a result of 

the correlation between oxygen and tail type 3. It was hard to suggest a physiological 

or ecological reason for this adaptation. 

Additional analyses of fimctional groups were carried out, but no useful results were 

obtained. 
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Chapter 5 Summary and Conclusions 

5.1 Discussion of Methodology 

Deep-sea research projects usually involve many participants, each with their own 

requirements. In addition to this, there are the practical constraints imposed by the 

environment and sampling methods. Therefore, in practice the experimental design of 

deep-sea projects may not be ideal. This study had no control over the sampling 

strategy of the "Arabesque" project as sampling was carried out before this 

investigation commenced. In the ideal situation, when investigating the effect of 

oxygen on the biodiversity of nematode communities, all other variables would be 

kept constant. However, on the Oman Margin, the OMZ is at a constant depth so to 

sample both the OMZ and 'normal' conditions it was believed necessary to sample a 

vertical transect down the continental slope. Although this created samples from 

varying oxygen concentrations, it also meant that the samples were from varying 

depths. Oxygen and depth were significantly correlated with each other (P=0.01) so it 

was hard to isolate the effects of the two variables. One method to reduce the impact 

of the correlation of oxygen concentration with depth would have been to examine a 

transect through the OMZ. This may have made it possible to isolate the effects of 

the two variables, as they were not linearly correlated. However, nematodes 

communities exhibit high heterogeneity (Giere, 1993) and as such individual samples 

may not be indicative of the general situation. Therefore, it was decided to use three 

replicates at four locations rather than individual samples at more locations. 

Previous work has shown that some nematodes from the deep sea were lost through a 

45fj.m mesh (Mitchell,pera. comm.) so a 32|am sieve was used in addition in this 

study. Preliminary investigations showed that only a small percentage of animals 

passed through the 45|am sieve and were retained on the 32|j,m mesh. These animals 

were harder to extract because of their size, and as many were juveniles they would be 

difficult to identify. It was decided that the extra time it would take to use the animals 

contained on the 32^m mesh in addition to those on the 45p,m mesh could not be 

justified. However, the animals collected on the 32|j,m mesh were retained in case 
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they were required later. The use of a 45|im mesh was consistent with previous 

studies as it is commonly employed for deep-sea nematology (Vincx et ah, 1994, and 

references therein). 

Nematodes have been widely employed for environmental monitoring programs 

(Vincx et al, 1994, and references therein) but the main disadvantage of using them is 

the length of time required for sample processing (Giere, 1993). This problem was 

encountered in this study because of the high nematode abundance. Ideally, the 

whole core would be examined, but this may not be practical. Elmgren (1973) 

developed a sample splitter to split meiofaunal samples into manageable sub-samples. 

Gradients may have been produced if a sample was not randomly (or ideally 

regularly) distributed throughout the sample-splitter and this may lead to unrealistic 

estimations for whole core abundance if the sub-sample used was from one of the 

extremes of the gradient. Gradients should be accounted for if a balanced 

arrangement is used. A balanced arrangement is one where sub-samples are evenly 

distributed throughout the sample splitter. Using the sample splitter was a trade off 

between speed (using less sub-samples) and accuracy (using all samples). Another 

advantage of using the sample splitter was that if something happened to one of the 

sub-samples in the laboratory, another was available to replace it (although the 

arrangement would no longer be balanced). 

5.2 Conclusions 

Nematode abundance from the "Arabesque" stations was not significantly correlated 

with oxygen, nor did it differ from other phytodetrital sites at similar depths. 

Abundance was most significantly correlated with food quality measured as the 

Hydrogen Index. Macrofaunal abundance was correlated most strongly with oxygen, 

supporting the ideas of a closer linking between nematodes and food than macrofauna 

and food. Samples from the "Arabesque" OMZ had lower nematode diversity than 

the non-OMZ stations and also other locations around the world from similar depths, 

suggesting that OMZs can reduce nematode species diversity on a local scale. 
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Whilst the communities within the OMZ were more similar to each other than they 

were to communities outside the OMZ, it was unclear whether oxygen or depth was 

the controlling factor. When compared to archive data, nematode communities from 

the OMZ were similar to other communities at comparable depths at the generic level. 

However, at the family level, the OMZ nematode communities were different to those 

from similar depths at other locations. This was a result of mutivariate techniques 

being able to distinguish the "Arabesque" from other samples at the family level but 

not at the generic level. This was consistent with analysis of the "Arabesque" 

communities, without any archive data, as oxygen only became an explaining factor 

of the nematode community distribution at the family level. 

The morphological analysis examined size and shape. It was shown that nematode 

shape may be influenced by a variety of factors on the local scale, but on the global 

scale depth appeared to be the primary confrol. Communities at deeper depths were 

composed of more slender animals. This change in shape was attributed to a change 

in food with depth, although sediment characteristics may also have had an influence. 

Factors affecting body shape on a local scale included oxygen and disturbance as a 

general concept. A reduction in oxygen concentrations resulted in the communities 

being composed of a higher abundance of slender animals. The results from this 

study were consistent with the work of Jensen (1986) that an increased surface area to 

volume ratio (which will occur in slender animals) will facilitate oxygen uptake in 

reduced oxygen environments. The increase in slendemess as a result of low oxygen 

concenfrations was shown both from the "Arabesque" OMZ and the San Diego 

Trough. This study demonsfrates that the elongation is a consequence of oxygen 

conditions rather than to increase epidermal food uptake as shape was not correlated 

with any of the direct measures of food. 

Nematodes found in 'disturbed' environments exhibited a reduced range of body 

morphologies relative to those from 'undisturbed' environments. 'Disturbance' in 

this case can be considered as reduced oxygen, sewage sludge or a deep-sea turbidite. 

The loss in range of morphologies occurred primarily at the squat end of the 

distribution but also to a lesser degree at the slender end. If the reduction in range 

was a genetic response it has implications regarding the loss of genetic material which 
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may not be apparent from current ecological techniques. The reduction in range of 

morphologies with an increase in disturbance may allow for the development of a 

new, economical, monitoring technique for the deep-sea. 

Analysis of functional morphology was inconclusive, although oxygen did correlate 

with the abundance of one of the tail types (conical tails), and the results of functional 

group analysis suggested that bacterial feeding may be dominant in low food 

environments. 

The results of this study suggested that deep-sea nematodes cannot be classified as 

'K' species or 'r' species but move more towards a lifestyle formally associated with 

one or the other as conditions change. This was shown by an increase in food in the 

deep-sea being associated with an increase in numbers but a decrease in mean 

individual size. 

This study investigated two forms of biodiversity of nematodes, ecological 

biodiversity and morphological biodiversity, both for samples from the "Arabesque" 

project and those from the archives of the Natural History Museum The patterns in 

biodiversity were related to patterns in environmental variables. The results showed 

that different measures of biodiversity are controlled by different variables, be it 

depth, food, oxygen or disturbance as a general principle. Therefore, when describing 

biodiversity of marine systems it is necessary to explain what is exactly being 

measured by the term, as different measures will give different responses to 

environmental variables. 
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5.2.1 Summary of Tested Hypothesis 

The hypotheses tested were either accepted, rejected, or the results were inconclusive. 

Only one hypotheses was accepted: 

• The "Arabesque" OMZ did not affect the abundance of nematodes. 

Six hypotheses were disproved: 

• The "Arabesque" OMZ did affect the diversity of nematodes. 

• The "Arabesque" OMZ did affect the nematode communities. 

• There was an increase in the surface area to volume ratio with a decrease in 

oxygen concentration. 

• There was a general decrease in the surface area to volume ratio with an increase 

in depth. 

• An increase in food did result in reduction in mean nematode body size, an 

indication of a movement from a ̂ -species type lifestyle towards a r-species type 

lifestyle. 

• Disturbance did result in a reduction in the range of body morphologies. 

The results of the tests for one hypothesis were inconclusive, indicating that fiirther 

research is required to accept or reject it: 

• There was some evidence of a change in fimctional groups with food but the 

results were not conclusive. 
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5.3 Suggestions for Further Work 

This study benefited from the environmental data provided by other scientists 

investigating the effect of the "Arabesque" OMZ on the biology and chemistry of the 

Oman slope. However, there are recommendations for further work and they are set 

out below. 

• Depth and oxygen concentration were interlinked and as such it was impossible to 

separate the effects of one from the other. The best way to overcome this problem 

would be to repeat the project along a horizontal transect through an OMZ. If this 

is not possible, fiirther transects through OMZ's of differing severity could be 

examined so that the same depths on the different transects correspond to different 

oxygen concentrations. A region where varying oxygen concentrations could be 

examined at constant depth may be found at the mouth of the Persian Gulf (Bett, 

pers. com.). 

• Time constraints meant that only four stations were examined and only three 

replicates used from each station. This is comparable to other nematode studies in 

the deep sea but increasing the number of replicates and stations should allow for 

more conclusive observations to be made through the use of additional statistics 

that require more than 3 replicates (eg. ANOSIM). More samples would also 

allow for better examination of infra-station variability. 

• Only the surface 1cm sediment horizon was examined and, if time allowed, 

vertical profiles could have been examined. This would allow examination into 

how the response of nematodes changed with depth and to determine whether 

animals living deeper in the sediment at the deeper locations resembled surface 

animals from the OMZ as a consequence of the reduction in oxygen concentration 

with increased sediment penefration. 

• The "Arabesque" samples were taken on one cruise so there is no time component 

of the data. The boundary of the OMZ moves up and down the slope and there 

may be a time lag between the changing oxygen concentrations and the response 

of nematodes. Therefore, measuring at one point in time may give inaccurate 

results. Further sampling would add a temporal dimension to the data. 
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It would be interesting to fully test the result that disturbance reduces the range of 

nematode morphologies. This could be achieved by examining further stations in 

disturbed and undisturbed environments. It would be particularly useful to use 

sites where other methods had been compared such as the same sites as used by 

Warwick and Clarke (1991; 1993; 1998). 
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Appendix 1 Location Of Sites 

Location 
Location 

ID 
Mean 

Depth (m) 

Approximate 
Position 

Oat /long.) 

Notes 
{reference} 

Is Station 
Considered 
Disturbed? 

Arabesque — 400m 1 400 
19°22'N 
58°16'E 

Low oxygen site 
{This thesis and 

Cook et al. 
Yes 

Arabesque — 700m 2 700 
19°19'N 
58°16'E 

Low oxygen site 
{This thesis and 

Cook et al. Yes 

Arabesque -
1250m 

3 1250 
19°14'N 
58°31'E 

Boundary of 
low oxygen site 
{This thesis and 

Cook et al. 
Yes 

Arabesque -
3400m 4 3400 

19°00'N 
59°00'E 

{This thesis and 
Cook et al No 

Irish Sea (Muddy) 15 42 
53°18'N 
05°51'W 

Muddy station 
{Ferrero 

(unpublished)} 
No 

Irish Sea (sandy) 14 39 
53°17'N 
05°43'W 

Sandy station 
{Ferrero 

(unpublished)} 
No 

Rockall Trough -
545m 

16 545 
56°24'N 
09°08'W 

{Lambshead et 
a/, 

No 

Rockall Trough -
1210m 

18 1210 
56°30'N 
09°30'W 

{Lambshead 
(unpublished)} No 

Rockall Trough -
1474m 20 1474 

56°32'N 
09°38'W 

{Lambshead et 
No 

San Diego Trough 17 1050 
32°52'N 

117°46'W 

Low oxygen site 
(0.7ml/l) 

{Lambshead et 
a/, 

Yes 

106-Mile Sewage 
Disposal Site -

Dumpsite 
22 2400 

38°50'N 
72°03'W 

{Lambshead and 
Grassle, 

(unpublished)} 
Yes 

106-Mile Sewage 
Disposal Site -
Reference site 

23 2400 
39°16'N 
71°32'W 

{Lambshead and 
Grassle, 

(unpublished)} 
No 
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Porcupine Abyssal 
Plain (1989) 33 4850 

48°51'N 
16°29'W 

{Lambshead et 
a/. No 

Porcupine Abyssal 
Plain (1991) 34 4850 

48°51'N 
16°29'W 

{Lambshead et 
No 

Madeira Abyssal 
Plain 36 4945 

31°05'N 
21°10'W 

Affected by 
turbidite 

{Lambshead et 
a/. 

Yes 

HEBBLE 
(station 1) 31 4626 

40°12'N 
63°06'W 

Major sediment 
disturbance 

{Thistle et al. Yes 

HEBBLE 
(Station 2) 32 4626 

40°12'N 
63°06'W 

Major sediment 
disturbance 

{Thistle et al. Yes 

Hatteras Abyssal 
Plain 39 5411 

32°30'N 
70°21'W {Tietjen (1989)} No 

Norwegian Sea 19 1332 
67°27'N 
05°45'E 

{Jensen et al. 
No 

Bay Of Biscay 29 4417 
46°30'N 
09°00'W 

{Dinet and 
Vivier (1979)} No 

EQPAC 0°N 26 4300 
00°06'N 

139°44'W 

Phytodetritus 
site {Brown, No 

EQPAC 2°N 27 4400 
02°04'N 

140°08'W 

Phytodetritus 
site {Brown, 

r/pp^;; 
No 

EQPAC 5°N 28 4400 
05°05'N 

139°39'W 

Phytodetritus 
site {Brown, 

(Vpp ;̂; 
No 

EQPAC 9°N 37 5000 
08°56'N 

139°52'W 
No phytodetritus 
{Brown, (1998)} No 

EQPAC 23°N 35 4900 
22°55'N 

157°50'W 
No phytodetritus 
{Brown, (1998)} No 

Puerto Rico 
Trench 1 40 7460 

19°09'N 
66°14'W 

Major sediment 
disturbance 

{Tietjen (1989)} 
Yes 

Puerto Rico 
Trench 2 41 8189 

19°36'N 
66°11'W 

Major sediment 
disturbance 

{Tietjen (1989)} 
Yes 

Puerto Rico 
Trench 3 42 8380 

19°43'N 
66°12'W 

Major sediment 
disturbance 

{Tietjen (1989)} 
Yes 

Puerto Rico 
Trench 5 21 2217 

18°46'N 
66°11'W {Tietjen (1989)} No 

Venezuela Basin 1 25 3858 
15°30'N 
69°30'W {Tie^en (1984)} No 
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Venezuela Basin 2 38 5054 
13°00'N 
68°00'W 

Major sediment 
disturbance 

{Tietjen (1984)} 
Yes 

Venezuela Basin 3 24 3517 
13°00'N 
64°00'W {Tietjen (1984)} No 

East Pacific Rise 30 4500 Not Available 
{Hope, in Spiess Not 

Available 

Clyde A 5 0 
55°50'N 
05°08'W 

{Lambshead, 
No 

Clyde B 6 0 
55°47'N 
05°06'W 

{Lambshead, 
No 

Clyde C 7 0 
55°34'N 
04°39'W 

{Lambshead, 
Yes 

Clyde D 8 0 
55°30'N 
04°38'W 

{Lambshead, 
Yes 

Mersey A 9 0 
53°25'N 
03°01'W 

{Ferrero 
(unpublished)} 

No 

Mersey B 10 0 
53°22'N 
03°00'W 

{Ferrero 
(unpublished)} No 

Mersey C 11 0 
53°20'N 
02°53'W 

{Ferrero 
(unpublished)} No 

Mersey D 12 0 
53°21'N 
02°44'W 

{Ferrero 
(unpublished)} No 

Mersey E 13 0 
53°22'N 
02°39'W 

{Ferrero 
(unpublished)} No 
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Appendix 2 Nematode Identification 
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Gubemacxilum 

Spicule 

Papilliform cephalic seta 

Terminal seta 

Buccal cavity 

Tubular precloacal supplement 
Cephalic seta 

Cup shaped precloacal supplement 

Oesophageal bulb 

cylindrical oesophagus without bulb 

Somatic seta 

Reflexed ovary 

Amphid 

Cephalic seta Vulva 

/Outstretched ovary 

Figure 5.1 General features of typical marine nematodes, showing both a male (A) 
and female (B) nematode. Not all features will necessarily be shown on any 
individual worm. 
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Figure 5.2 A summary of the potential cuticle patterns used to differentiate between 
nematode species. The patterns are 'smooth without dots' (A), 'coarsely striated' (B), 
'externally fairly smooth but with slight striations as a results of deeper structures' 
(C), 'marked with transverse rows of dots' (D), 'appearing smooth but with fine dots, 
sometimes irregular laterally' (E), 'marked with longitudinal rows of structures' (F). 
Redrawn from Piatt and Warwick (1983). 

Figure 5.3 A summary of the potential amphid shapes used to differentiate between 
nematode species. The shapes are 'circular' (A), 'loop' (B), 'spiral' (C), 'slit' (D) and 
'cup'(E) 

For more information on mouth shapes see Figure 2.4. For more information on tail 

types see Figure 2.5. 
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Appendix 3 Nematode Community Information 
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Examples of the working drawings used for the identification of nematodes into each 

Operational Taxonomic Units listed on the following pages are stored on the 

accompanying CD-ROM. 
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