



























































ABSTRACT

Functional diversity, an important component of biodiversity, has in recent years
engaged global attention. This is in great part due to the mechanistic understanding
achieved from functional diversity studies in the face of accelerated global
biodiversity changes ascribed primarily to anthropogenic drivers. The exigency of
the situation has stimulated biodiversity-ecosystem functions (B-EF) studies to
elucidate ecosystem processes and services that are at threat notably in the marine
ecosystem. The marine benthos is the largest ecosystem on earth and supports the
highest phylogenetic diversity but has rather witnessed comparatively low attention
in the B-EF studies than the terrestrial counterpart. This thesis is aimed at i)
quantifying benthic functional diversity (using biological trait analysis) and
assemblages along abiotic gradients in the Guinea Current Large Marine Ecosystem
(GCLME); and ii) examining the impact of bottom trawling for demersal fishes on
the functional structure of epibenthic fauna along bathymetric gradients.

In achieving the above-mentioned objectives, epibenthic fauna of bottom trawl
samples were collected from Ghana to western Nigeria’s continental shelf in 2003.
Further, macrobenthic infauna and abiotic samples were collected from coastal
waters of Guinea Bissau to Gabon in 2007. Each processed dataset was treated as a
stand-alone in the thesis. In decomposing the assemblage patterns, suites of
univariate and multivariate statistics were employed. The results indicated 381
macobenthic species comprising polychaetes (61.15% richness and 55.15%
abundance), crustaceans (18.64% richness and 28.02% abundance), molluscs (9.19%
richness and 2.23% abundance), echinoderms (2.63% richness and 1.84%
abundance) and ‘others’ (8.39% richness and 12.76% abundance). Functional

diversity analysis indicated spatial differences in eco-functional traits namely small



body size, solitary lifestyle, burrowing and deposit-feeding, and these traits
dominated the assemblage especially from Ghana to Benin. The results suggest that
these areas are potential surrogates of allochthonous organic material possibly
driving pelagic productivity that is translated to the benthos. Significant (p<0.05)
relationship was found between functional traits (also species diversity) and
sediment parameters (i.e., nitrate, calcium, magnesium, organic carbon, silt & clay).
These abiotic variables largely implicate productivity and climate change models as
principal community drivers, and are likely to impact ecosystem functions directly
by altering B-EF relationship. Inferentially, the results indicated an unstable,
dynamic, productive and low biomass-supported ecosystem Guinea Current Large
Marine Ecosystem (GCLME), reflecting in the small body size solitary burrow-
dwelling deposit-feeding organisms, which potentially exert the strongest influence
on ecosystem processes (e.g., nutrient remineralization). These species used multiple
adaptative strategies including trophic, lifestyle, anatomical and morphological in the
prevailing environment.

Bottom trawled epibenthic sample analysis showed significant difference (p=0.002;
ANOSIM) of assemblages along bathymetric gradient, notably between shallow-
depth (11-30m) and deep-depth (51-70m). Functional analyses showed dominance of
carnivores (28% contribution), opportunistic/scavenging (9%) and herbivore (9%) in
shallow waters, while filter-feeders (18%) dominated deep waters suggesting
gradient in structuring forces. The high abundance of motile epibenthic fauna (64%)
IS suggestive of an unstable substrate and turbulent system supporting motile
carnivores and filter-feeding organisms. The evidence of trophic interactions
between demersal fishes and epibenthic fauna occurred ideally in most tolerable and

favorable zone (i.e. mid-depth). Abundance-Biomass Comparison (ABC) analyses



indicated an ecosystem which is stressed (66.56%) with the degree of stress
inversely related to increasing water depth. The findings of this thesis have important
implications for marine biodiversity conservation and resource management

approach in the GCLME.



CHAPTER ONE

GENERAL INTRODUCTION
Biodiversity, from genes through species to ecosystems, play an important role in the
evaluation of the resilience of natural systems to environmental changes (Naeem et
al., 1999; Mant et al., 2014). Understanding the patterns and processes of
biodiversity at the primary, secondary and tertiary trophic levels is fundamental to
sustainable management of marine living resources (Sherman and Duda, 1999;
Costello, 2000; Hooper et al., 2005). Biodiversity loss is defined as a sudden change
to natural ecosystem setting due to human interventions. This is because natural
changes of biodiversity are a much slower and longer-term process (Kessler et al.,
2007), which may be reversible. Human activities have contributed to variability in
global climate, land cover and biodiversity at unprecedented rates (Steffen et al.,
2004). Human activities that affect biodiversity are referred to as critical
environmental issues (National Research Council, 1995). The world is facing
accelerated and apparently inevitable loss of species (Pimm et al., 1995) and
populations (Hughes et al., 1997) through anthropogenic impact on the world’s

ecosystems.

The socioeconomic consequences of global biodiversity changes from critical
environmental issues will depend on how they translate into altered ecosystem
processes and services (Costanza et al., 1997; Balmford et al., 2002; Millennium
Ecosystem Assessment, 2003). Impact of biodiversity loss under economic terms
will mean that humankind will have to technically compensate for the services

ecosystems provide (e.g. CO,/O, gas regulation, food production, raw material



production, prevention of soil erosion, genetic resources for pharmacy development,
regulation of hydrological flows) (Costanza, et al., 1998; Edwards and Abivardi,
1998). Nonetheless, the ecological impacts of biodiversity loss are poorly understood

(Solan et al., 2004).

Concerns of biodiversity loss are more amplified in the marine ecosystem due to the
uncertainties associated with the effects of the loss on the basic functioning of the
ecosystem and the oceans’ capacity to withstand multiple human disturbances
(Snelgrove et al., 1997). Available information indicates that the oceans account for
approximately two-thirds of the value of global ecosystem services (Snelgrove,
1999), which is estimated to average $33 trillion US dollars/yr compared to the
Global GNP of $18 trillion/yr (Costanza et al., 1997). As a result, of the ecosystem
services , a large and increasing proportion of the world’s population lives close to
the coast; thus the loss of services such as flood control and waste detoxification can
have disastrous consequences to coastal dwellers (Danielsen et al., 2005; Adger et
al., 2005). The marine seafloor is the largest ecosystem on earth (Snelgrove et al.,
1997) supporting high phylogenetic diversity (Snelgrove, 1999; Giller et al., 2004)
and key ecosystem services (Bremner, 2008) and as a consequence biodiversity
alterations/changes may have wider ecological and socio-economic implications.
Marine ecosystems provide a wide variety of goods and services, including food
resources for millions of people (Peterson and Lubchenco, 1997; Holmlund and
Hammer, 1999). The maritime domain has also been used by society for different
activities including fishing, aquaculture, shipping, tourism, renewable energies,

extraction of minerals etc. (Borja et al., 2013).



Marine biodiversity alterations at both local and global scales can disrupt the
ecological functions that species assemblages perform (Hughes et al., 2003). These
changes make differentiation between effects of species richness per se, and the
effects of functional group richness (i.e., functional diversity) on ecosystem function
a major issue in ecology (Solan et al., 2004). This is because, although biodiversity
generally enhances many process rates, such as resource use or biomass production,
across a wide spectrum of organisms and ecosystems, the evidence for positive
effects of biodiversity on ecosystem functioning (i.e., ecosystem processes,
properties and their maintenance, (Reiss et al., 2009) is neither ubiquitous nor

unequivocal (Thompson and Starzomski, 2007; Jiang et al., 2008).

Marine benthic faunal diversity, therefore, provides an ideal tool for exploring the
relationship between biodiversity and ecosystem functioning in the marine
environment (Snelgrove, 1999). Ecosystem functioning involves several processes,
which can be summarized as production, consumption and transfer of organic matter
to higher trophic levels, organic matter decomposition, and nutrient regeneration
(Danovaro et al., 2008). According to Jax (2005) ecosystem functioning refers to the
overall performance of ecosystem, and has been variously defined as incorporating,
individually or in combination, ecosystem processes (such as biogeochemical
cycles), properties (e.g. pools of organic matter), goods (food and medicines) and
services (e.g. regulating climate or cleansing air and water) as well as temporal
resistance or resilience of these factors over time in response to disturbance (Biles et

al., 2002; Hooper et al., 2005; Duffy and Stachowicz, 2006).



The assemblage patterns of the marine macrobenthos and associated functional
diversity, and their spatial and temporal variations as well as the drivers of functional
traits remain poorly understood. The importance of the marine macrobenthic
functional diversity includes roles in the structure and functioning of the systems,
particularly their productivity and resilience in the potential human-induced
disturbances/perturbations context (Solan et al., 2006). Essentially, the global
biodiversity concerns, exemplified by the predictions that species loss might impair
the functioning and sustainability of ecosystems (Naeem et al., 1994; Sala et al.,
2000; Loreau et al., 2001; Hooper et al., 2005; Worm et al., 2006;) have stimulated
ecosystem-based and experimental efforts to: i) understand the synergy between
biodiversity and ecosystem functioning, and ii) devise sustainable management

strategies (Levin, 2001).

The apparent failure of diversity conservation tactics (Soulé, 1991; Faith, 2011), and
the need to gain more profound understanding about the factors governing and/or
governed by biodiversity is urgent and crucial. Diversity indices are relevant tools on
which far-reaching decisions are based on in conservation science (Walker and Faith,
1994; Reid et al., 2004). Indices derived from phylogeny play an important role in
this area, where decisions frequently have to be taken on basis of a limited data about
the system in question. Previously, the tendency was to focus on species diversity in
one dimension using a single parameter (e.g., species richness) (Gaston, 2000).
However, current studies employ different descriptors, and example of two of such
descriptors that are improving description and understanding of diversity are
macrophysiology and trait approaches. Macrophysiology describes how

physiological traits are distributed in space (Chown et al., 2004); while



morphological traits enable exploration selection pressures between different species
assemblages (Vermeij, 1978; Ricklefs and Miles, 1994; Roy et al., 2004; McGill et
al., 2006). The functional trait approach is interested in explaining the abundances
and distributions of species (McGill et al., 2006). It advocates for the examination of
numerous functional traits and also species’ abundance and trait distributions across
environmental gradients (McGill et al., 2006). The goal of the functional trait
approach is to explore how the fundamental niche is determined by physiological
and morphological traits and consequently how organismal traits and the
fundamental niche are related to the realized niche (McGill et al., 2006). A
functional trait is defined as an attribute of an organisms’ morphology or physiology
that affects fitness indirectly via growth, reproduction and survival (Violle et al.,
2007). A trait-based approach in combination with an understanding of where
species occur in relation to environmental gradients may provide new perspectives to
species diversity; especially because most spatial and temporal patterns of diversity

are based solely on the unit of species richness (Roy et al., 2004).

Morphological traits are useful tools for detecting different selection pressures at
species-rich and species-poor systems (Vermeij, 1978). For example, gastropod shell
armour is more elaborate in species-rich tropical system than in species-poor
temperate rocky intertidal environments (Vermeij, 1978). This relationship infers a
gradient of protection against predation to tropical species (Vermeij, 1978).
Although most diversity measures are likely to correlate with species richness, e.g.
genetic diversity, in some cases the relationship between species richness and the
traits of species can be complex and non-linear (Foote, 1997; Roy and Foote, 1997).

Morphological diversity in most species-rich systems is not higher than in systems



with half the number of species, suggesting that species-poor systems can still harbor
a great variety of morphological trait diversity (Roy et al., 2001). Morphological
traits have also been used to examine differences between species-rich and species-
poor systems (Ricklefs and Miles, 1994). From basic principles, morphological traits
of species in species-rich systems, relative to species-poor systems, could be
expected to display either (a) increased morphological trait variety, i.e., a greater
occupied morphospace, and trait differences between species, (b) minimized trait
differences between species within a larger or similar occupied morphospace as
temperate species or (c) have similar traits, i.e. show morphological overlap, in an
occupied morphospace similar to temperate species (MacArthur, 1972; Ricklefs and

Miles, 1994).

Measures of ecological functioning emphasize the roles played by organisms and
include information on their interactions with their chemical and physical
environment (Bremner, 2005). Measuring changes in the rates of ecological
processes in the presence of anthropogenic impacts will, therefore, incorporate
information on the chemical and biological components of ecosystems (Bremner,
2005). Hence, investigation of ecological functioning focus on the types of taxa
present in marine communities and their responses to anthropogenic impacts. Taxa
interact in various ways with their physical and chemical environment depending on
the characteristics they express, and changes in the occurrence of these taxa have
implications for ecological processes (Bremner, 2005). Organisms sharing particular
characteristics are not always affected in the same way (Ramsay et al., 1996) and as
the methods also do not examine the responses of every taxon expressing a particular

characteristic; it is difficult to determine their general responses. This thus
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compromises the ability of the methods to determine anthropogenic effects at the

ecosystem level (Bremner, 2005).

Nonetheless, a promising method for evaluating the ecological functioning of marine
benthic assemblages is the use of biological traits analysis (Bremner; 2005), which
originated from terrestrial and freshwater ecosystems studies (OIff et al., 1994,
Townsend and Hildrew, 1994; Mclintyre et al., 1995). Many terrestrial ecosystem
studies have found positive effects of plant diversity on ecosystem processes, but this
pattern has been less general in marine systems, where many studies find weak or no
effects (Stachowicz et al., 2007). The biological trait analysis approach explicitly
incorporates information on the attributes of all members of the species assemblage,
and on a wide range of attributes connected to organisms’ interactions with each
other and their physical and chemical environments, as well as their perceived
responses to anthropogenic stress (Bremner, 2005). It can also accommodate
intraspecific variation in trait expression (Chevenet et al., 1994); thereby overcoming
the problems encountered in trophic or functional group analyses where taxa fit into
more than one functional category. Characters such as reproduction type, larval type,
body size, movement, body form, growth rate, feeding type, attachment etc. are
substituted for species names and multivariate analyses are conducted (Fleddum,
2010). Ostensibly, several factors influence the number of traits selected for
inclusion in biological trait analysis, such as the length of the taxon list utilized, the
amount of information available on biological characteristics of these taxa and the
time required for gathering the information (Bremner, 2005). The use of the
biological trait analysis (BTA) makes it possible to compare assemblage patterns of

species and traits analyses, and also can reveal relationship of structure and
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functional properties (Chevenet et al., 1994; Charvet et al., 2000; Bremner et al.,
2003b). The BTA can better discriminate environmental differences in comparison
with taxonomic composition. The traditional biodiversity data analysis methods tend
to underestimate the importance of rare species although it has provided useful
information of benthic community structure over the years (Bremner, 2005;
Fleddum, 2010). The use of BTA together with traditional biodiversity analysis is
helpful in identifying impact-driven alterations to ecological functioning as well as
providing information for ecosystem monitoring, management and conservation
(Fleddum, 2010). For example, Bremner et al. (2003b) compared traditional analysis
technique using relative taxa composition and trophic guilds with BTA in
investigating the functioning diversity of macrobenthic fauna in the southern North
Sea and eastern English Channel. They concluded that BTA can offer information on
assessing ecosystem functioning in benthic environments on both large and small

scales, and that there is a significant relationship between habitat and traits.

According to Usseglio-Polatera (2000b) the species trait approach has the potential
to evaluate the actual state of ecosystems, discriminate among different types of
human impact, and help to develop monitoring tools for ecological communities.
However, the use of the BTA in the marine benthic ecosystems has received little
attention (Bremner, 2005) and lags behind the freshwater and terrestrial counterparts
(Bremner, 2008). Of much concern is the lack of study in the Guinea Current Large
Marine Ecosystem (GCLME) focusing on functional species assemblages employing
the BTA approach. Where information on general benthic biodiversity in the region
has been carried out, the literature is widely dispersed and inadequate. The GCLME

is one of the productive large marine ecosystems in the world’s ocean (Ukwe, 2003;
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Ukwe et al., 2006). The fishery and the plankton have received some attention
(Bainbrige, 1972; Bakun, 1978; Mensah, 1995; Koranteng, 1998; Wiafe, 2002;
Wiafe 2008). However, very little is known about the dynamics of the macrobenthic
community, especially its functional diversity and community structure. Knowledge
of macrobenthic functional diversity and community structure will contribute
immensely to understanding the overall trophic dynamics, biodiversity and

ecosystem functioning of the GCLME.

1.1  Study Objectives and Hypothesis

The primary aim of this research is to investigate macrobenthic functional traits
diversity and community assemblages along spatial scales in the GCLME. The
research further explored whether environmental gradient, on spatial scale,
correlated with local species diversity and their functional attributes. The study
aimed at testing the hypothesis that the marine benthic functional biodiversity effects
on ecosysem processes/properties were the results of established environment
gradient in the ecosystem . Specifically, the following predictions were tested as part

of the overall hypothesis:

e Dominant macrobenthic functional trait assemblages rather than species
richness exert the strongest control on ecosystem properties/process; and
e abiotic stressors/drivers/factors select for differences in functional traits and
species assemblages.
In order to evaluate the central predictions of the study hypotheses, the following
objectives were formulated:
o Identify and quantify dominant functional traits and elucidate their influence

on ecosystem functions;
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o Ascertain how macrobenthic faunal communities and eco-functional trait
assemblages are influenced by abiotic factors. This will assist in
understanding and predicting how benthic communities and ecosystem
properties might be affected by environmental variability and disturbance;

o Identify dominant epibenthic functional traits across bathymetric gradients;

o Investigate the effects of bottom trawling for demersal fishes on species
diversity and functional structure of epibenthic communities; and

o Evaluate the ecological quality status of the GCLME using epibenthic

macrofauna species.

1.2 Study Justification

The past several decades have witnessed a soaring research interest on earth’s
biodiversity across all environments, including studies that assessed trends in
biodiversity and the underlying mechanisms that produced and maintained such
trends. Escalating concerns over the loss of marine biodiversity and associated
consequences have increased the urgency for research for a better mechanistic

understanding.

Many of such studies/research have been carried out in short-term and on local scale
with findings (species diversity and the driven forces) which still limit our
understanding. Nonetheless, a growing body of research has addressed the functional
consequences of diversity for ecosystem processes (Stachowicz et al., 2008). The
primary goals of Biodiversity-Ecosystem functioning research have been to
investigate how biodiversity and ecosystem functioning are linked and to understand

the mechanisms that inform such relationships. In accordance, recent biodiversity
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researches have principally focused on important links between number of species
and ecosystem functioning (Hooper et al., 2005; Worm et al., 2006; Solan et al.,

2008, 2009).

Earlier studies on biodiversity-ecosystem functioning tested whether ecosystem
functioning was enhanced in species-rich versus depauperated assemblages
(Srivastava and Vellend, 2005), but was demonstrated that biodiversity generally
enhances many process rates such as resources use or biomass production, across a
wide spectrum of organisms and ecosystems (Balvanera et al., 2006). However, the
evidence for positive effects of biodiversity of ecosystem functioning is neither
ubiquitous nor unequivocal (Thompson and Starzomski, 2007; Jiang et al., 2008),
stimulating conservable scientific debate (Loreau et al., 2002). Following from this,
four research themes namely: functional traits, environmental gradients, interactions
milieu and performance currencies have been suggested (McGill et al., 2006) as a
cornerstone of modern ecology in order to fully understand the biodiversity—

ecosystem functioning.

There have been many studies investigating the relationship between species
diversity, functional diversity and ecosystem function (Petchey and Gaston, 2002;
Petchey and Gaston, 2006; Bremner, 2008). In marine benthic ecosystems, however,
only a few studies have examined that relationship and most of them have shown a
strong correlation between species diversity and functional diversity (Bremner et al.,
2003b; Micheli and Halpern, 2005; Hewitt et al., 2008). Furthermore, there are
studies investigating how biotic and abiotic components affect the temporal and

spatial variability in functional diversity (Emmerson et al., 2001; Raffaelli et al.,
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2003; Micheli and Halpern, 2005; leno et al., 2006; Bell, 2007; Norling et al., 2007),
but it seems that such processes affect species diversity and functional diversity in a

similar way (Bremner et al., 2003b; Micheli and Halpern, 2005; Hewitt et al., 2008).

1.3 Datasets for the Thesis

The datasets used for this thesis research included the following:

e Epibenthic trawl samples collected along the continental shelves of Ghana,
Togo, Benin and western part of Nigeria in 2003 as part of the West Africa
Gas Pipeline Project (WAPCo, 2003). This data was used for the assessment
of the impacts of bottom trawling on epibenthic faunctional assemblage
patterns.

e Macrobenthic fauna and sediment samples collected from Guinea Bissau to
Gabon in 2007 as part of the Guinea Current Large Marine Ecosystem
(GCLME) project comprising 16 countries (GCLME, 2006). This data was
used to investigate soft-bottom macrobenthic infauna functional assemblage

patterns and their response to environmental variability.

1.4 Organization of Thesis

The thesis comprises five chapters. Chapter 1 presents a general introduction to the
thesis, with a brief background information on marine biodiversity, functional
diversity, trait analysis, level of macrobenthic information in the GCLME, scientific
hypothesis and study objectives. The various data sets used in the analyses have also
been presented. Chapter 2 presents a detailed review of relevant literature on the
subject, biodiversity structure and functions of macrobenthic communities as well as

environemntal factors influencing benthic biodiversity assemblages. Chapter 3
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http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib22
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describes the ‘macrobenthic functional traits diversity and community structure
along environmental gradient. Chapter 4 focuses on impact of demersal fish
trawling on the structure and functional assemblages of epibenthic fauna along
bathymetric gradient. Chapter 5 gives general conclusions and recommendations.
The species list and biological trait database are presented as Appendices | & II.
Appendix Il shows the carbon:nitrate ratios and the sources of organic load, while

statistical descriptions are annotated in Appendix IV.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Marine Benthic Biodiversity

The idea of biodiversity has taken hold on science and society with its multifaceted
concepts (Zajac, 2008) and has also emerged as a major field within ecological
research. Biodiversity has been variously defined as the variety of life and
collectively referred to variation at all levels of biological organization (Sheppard,
2006). According to Harper and Hawksworth (1994), biodiversity refers to the extent
of genetic, taxonomic and ecological diversity over all spatial and temporal scales.
However, the Convention on Biological Diversity (CBD) gave the most important
and far-reaching definition in its Article 2 to mean ‘the variability among living
organisms from all sources including, inter alia, terrestrial, marine and other
aquatic ecosystems and the ecological complexes of which they are part; this include
diversity within species, between species and of ecosystem’ (Convention on
Biological Diversity, 1992). In seeking to describe the "variety of life" or "nature,”
biodiversity includes three components of diversity, namely, "within species,”
"between species" and "of ecosystems™ (Costello, 2000). The usage of the term is
value laden connoting that biodiversity is per se a good thing, that its loss is bad, and

that something should be done to maintain it.

Diversity is usually designed as being a-diversity (the diversity within a given
habitat), B-diversity (the degree to which communities show spatial variability in
species composition from place to place) and y-diversity (the overall diversity in a

whole region; (Whittaker, 1975). At the species level in a given assemblage, o-
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diversity can be regarded as either the number of species present (“species
richness™), the proportional abundance or homogeneity of individual species
(“evenness” or “equitability”) or more commonly a combination of both (Terlizzi

and Schiel, 2009).

The marine benthic biodiversity comprise organisms that span a wide range of sizes,
including micro-, meio-, macro- and megafauna (Clarke and Warwick, 1994;
Dittmann, 1995; Zajac, 2008). These organisms are operationally classified as
microbenthos (< 63 pm), meiobenthos (from 63 um to 500 um) and macrobenthos
(> 500 pm or > 1000 pum) according to the sieve mesh size used for extracting them
from sediment cores or grabs. The macrofaunal forms are by far the better known
and are the main essential component of environmental impact studies (Clarke and
Warwick, 1994). Marine macrobenthos are a diverse group of organisms composed
mainly of molluscs (bivalves and snails), polychaetes (bristle worms), crustaceans
(amphipods, shrimps, and crabs) and echinoderms (sea cucumbers, brittle stars, sea
urchins) (Gray, 1981a). These organisms are central elements of marine ecosystems
and provide excellent indicators of environmental health. They also play multiple
ecological roles within the marine ecosystem and are a critical part of environmental
monitoring and evaluation programmes. Most macrobenthic animals are relatively
long lived (several years) and thus integrate changes and fluctuations in the
environment over a longer period of time. Changes in soft bottom zoobenthic
communities in response to the environmental impact have been successfully
implemented world-wide in pollution assessment studies and monitoring programs

(Pearson and Rosenberg, 1978).
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Variations in species composition, abundance and biomass can be used to assess
environmental disturbance. Comparatively rich and diverse shallow-water benthic
communities are amenable for more sensitive analyses of eutrophication effects. The
potential benefits of using macro-invertebrates include quick detection of pollution
through differences between predicted and actual faunal assemblages (Ormerod and
Edwards, 1987). Of relative importance, benthic invertebrates are relatively sessile
(therefore allowing spatial patterns to imply causation), can be sampled
quantitatively without high cost, are well described taxonomically, and reveal
ecologically meaningful and important patterns, even at coarse levels of taxonomic
discrimination (Warwick, 1988c). Analysis of differences in macrobenthic
community structure is one of the mainstays of detecting and monitoring the
biological effects of marine pollution and habitat disturbance (Warwick and Clarke,
1993) as well as for ecological modeling (Tumbiolo and Downing, 1994; Josefson

and Rasmussen, 2000).

In most environmental studies of impacts, benthic invertebrates are the principal
targeted organisms (78 percent of all studies), reflecting their suitability as ecological
indicators (Clarke and Warwick, 1994; Peterson and Bishop, 2005). The
macrobenthic infaunal communities are especially suited for long-term comparative
investigations since many of the constituent species are of low mobility, relatively
long lived and integrate effects of environmental changes over time. Consequently,
macrobenthic fauna constitute good biological candidates for monitoring ecosystem
health and processes. Cury and Roy (2002) have stressed that studies that link the

different components of the trophic web or the spatial and temporal dynamics of the
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interaction between the environment and marine resources are needed as they have

important implication for managing the resources.

Marine biodiversity is of direct benefit to society as a food source, potential
pharmacopoeia (Hunt and Vincent, 2006), stabilizer of inshore environments (Jie et
al., 2001) and regulator of atmospheric processes (Murphy and Duffus, 1996).
Marine biodiversity provides indirect benefits to society through ecological stability
(Menge et al., 1999) and benthic-pelagic coupling (Ponder et al., 2002) which
contribute to self-sustaining marine ecosystems. Marine biodiversity also has

recreational, aesthetic and intrinsic value (Wilson, 1994; Ponder et al., 2002).

2.2 Functional Role of Benthic Communities

Benthic communities perform numerous ecological functions to the systems they
inhabit. Benthic organisms continually process, transport, and modify marine
sediments. There are those that bind, protect and stabilize near-surface sediment and
those that loose and destabilize the sediment (Nichols and Boon, 1994). They also
play a vital role in organic matter processing and nutrient cycling at the
water/sediment interface (Aller and Yingst, 1985; Rosenberg, 2001) and
decomposition of dead matter or waste materials (Snelgrove et al., 1997). Sediment
organic matter is a causal factor of infaunal distribution (Snelgrove and Butman,
1994) being the dominant source of food for deposit-feeders (Pearson and
Rosenberg, 1978), and indirectly (e.g., through re-suspension) for suspension feeders
(Snelgrove and Butman, 1994). Benthic organisms also improve the conditions
within the sediment, such as oxygenation (Reise, 1985) and loosen subsurface

sediments and render them inhabitable by other macrofauna (Flint and Kalke, 1986).
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Benthic invertebrate assemblages are heavily involved in the regulation of ecosystem
processes (Snelgrove, 1998), so provide a useful study unit. Functioning in these
assemblages will be dependent on the biological characteristics, or traits, exhibited
by constituent species, because these determine how the species contribute to

ecological processes.

Woodin and Jackson (1979) have proposed five functional groups of benthic
organisms in relation to their effects on the sediment: (i) mobile burrowers that
destabilize the sediment (including their feeding activity) such as crustaceans,
amphipods & tanaids, and Maldanid polychaetes; (ii) sedentary organisms that cause
the sediment to be more easily resuspended (e.g., infaunal holothurian, Molpadia
oolitica, Crustacean Callianassa ); (iii) sedentary organisms that do not inhabit tubes
that still straddle the sediment-water interface and modify the local hydrography
such as to reduce re-suspension and, by virtue of buried parts, bind the subsurface
particles together (e.g., seagrasses such Thalassia & Zostera, Sabelid polychaete
worms); (iv) tube builders that stabilize the sediment by incorporating it, often in
mucus-bound form into their tubes (e.g., mud snail lllyanasa obsolete, polychaete
Polydora); and (v) neutral species having no impact on sediment deposition or re-
suspension. The feeding type of the benthic community is considered as an

adaptation to the sediment characteristics (Rosenberg, 1995).

However, it has been suggested that animal and sediment correlation is a result of
hydrological and geological processes associated with sediment granulometry rather
than a function of organism in available space within sediment (Parry et al., 1999).

For macro-invertebrates, the requirements of life in unconsolidated sediments
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inevitably involve the need to move particles around in some way, whether as a
consequence of locomotion through the sediments, or feeding upon the organic
material associated with them. This is known as bio-turbation (Hall, 1994). Bio-
turbation occurring in sediments regulates carbon degradation and bentho-pelagic

nitrogen cycling (Biles et al., 2002; Widdicombe et al., 2004).

Benthic species also affect the microbial processes in the sediments by modifying
particle distribution, sediment porosity, and solute transport (Krantzberg, 1985). Bio-
turbation of sediments by burrowing or deposit-feeders through processes such as
irrigation, pelletization and tube construction, usually increases sediment pore space
and thus, water content in the upper sediment layer (Rhoads, 1974; Rhoads and
Young, 1970). Bio-turbation lowers erosion resistance of the surface, and thus
destabilizes the bed sediment. Bio-turbation can be important in excluding particles
and pore water nutrients across the sediment-water interface as well as through

various vertical chemical gradients in the sediment (Nichols and Boon, 1994).

The impacts of invertebrates on biogeochemical processes are often due to biogenic
structure in marine sediments (Aller and Aller, 1986, Kristensen et al., 1991; Mayer
et al., 1995; Francois et al., 1997) and infaunal activity (Holst and Grunwald, 2001).
Biogenic structures can modify organic matter distribution and solute transport at the
water-sediment interface (Krantzberg 1985, de Vaugelas and Buscail, 1990). Solute

transport is enhanced by animal movement and burrow ventilation, which is a
process known as bio-irrigation (Riisgdrd and Banta, 1998). Bioturbation (i.e.,

sediment biogenic activities) does not only play a crucial role in the stabilization of

marine benthic environments (Woodin and Jackson, 1979; Kristensen et al., 1985)
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but, also in recycling of nutrients that enhance ocean productivity. Oceanic
productivity is related to abundance of commercially important species such as
fishes thereby depicting a coupling between benthic biodiversity (functional effects)
and fisheries (Hodson et al., 1981; Bell and Woodin, 1984; Josefson and Rasmussen,

2000) through primary production (Kjerve, 1994).

The health of marine ecosystems is often assessed in terms of the taxon composition
of faunal communities, or on the distribution of abundance/biomass between the
species present (e.g., Warwick and Clarke, 1991; Bonsdorff and Blomqvist, 1993).
Marine macrobenthic fauna are used in pollution and ecosystem health monitoring
studies to ascertain pollution effects on the ecosystem (Sherman and Anderson,
2002). Potential benefits of research on macro-invertebrates include quick
assessment of biological resources for conservation purposes and the detection of
pollution through differences between predicted and actual faunal assemblages
(Ormerod and Edwards, 1987). Macrobenthic communities have the capabilities to
integrate into their system both short-, and long-term environmental changes and
thus are excellent candidates for monitoring environmental impacts (Borja et al.,
2000). Snelgrove (1998) reported that the roles performed by benthic species are
important in regulating ecosystem processes and that these roles can be portrayed by

biological traits they exhibit.

2.3 Biodiversity Indices and Measurements
Measurements of biodiversity are often used as bases for making decisions on
planning and conservation actions. In conservation, diversity indices become mighty

tools on which far-reaching decisions are based on (Walker and Faith 1994; Reid et
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al., 2004). 1t is evident from the biodiversity definition that there could be no clear
single all-embracing measure of biological diversity owing to its great complexity.
The breadth of ways in which differences can be expressed is infinite. The most
practical and relevant measures of biodiversity within species are the phenotypic or
visible attributes of populations. Nevertheless, measurements of biodiversity are

based on three assumptions (http://www.coastalwiki.org):

o All species are equal in abundance: meaning that richness measurement makes
no distinctions amongst species and treats the species that are exceptionally
abundant in the same way as those that are extremely rare species. The relative
abundance of species in an assemblage is the only factor that determines its

importance in a diversity measure.

e All individuals are equal in size: this means that there is no distinction between
the largest and the smallest individual; in practice however the smallest animals
can often escape for example by sampling with nets. Taxonomic and functional
diversity measures, however, do not necessarily treat all species and individuals

as equal.

e Species abundance has been recorded in using appropriate and comparable
units. It is clearly unwise to use different types of abundance measure, such
as the number of individuals and the biomass, in the same investigation.

Diversity estimates based on different units are not directly comparable.

Biodiversity has many facets, yet three generally different concepts in its
quantification can be distinguished (Purvis and Hector, 2000):
(1) Richness: was probably the first measure used for assessing diversity.

Counting the number of taxa in the sample under consideration is always


http://www.coastalwiki.org/
http://www.coastalwiki.org/coastalwiki/Abundance
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the first step. Often richness or an estimate of it is the only measure
available for large unexplored regions;

(1))  Evenness- often the individuals are not evenly distributed among species.
A site containing dozens of species may not seem particularly diverse if
99.9% of the individuals belong to the same species. Evenness is defined
as the ratio of observed diversity to maximal possible diversity if all
species in a sample were equally abundant (Purvis and Hector, 2000); and

(i)  (ii1) Phylogeny: difference between the observed organisms is another
facet of diversity. Phenotypic and genetic variability are reflected in
phylogeny. A community consisting of 30 species of polychaeta is
intuitively less diverse than one consisting of 30 benthic macrofaunal
species of 5 different classes. These three principal concepts can be
applied not only at the species level, the definition of the term species
being a problem of its own (Hey, 2001), but also on higher taxonomic
levels or arbitrary divisions like functional groups. Species is the unit of
diversity most easily conceptualized and is therefore most commonly

considered (Willig et al., 2003).

Many diversity indices combine two or even all three concepts into one number, in
order to summarize information for decisions and comparisons. However,
information is always lost in this process and none of the three concepts should be

held in low regard.
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2.3.1 Diversity Indices

Species richness: The oldest and most straightforward measure, where: s, the sum of

species in the sample, d’, Margalef’s species richness, n, number of individual
species, and loge is the natural logarithm. Margalef (1958) proposed a richness index
which is standardized against the n in the formula below, following information

theory.

s —1
d=———
log. n (Margalef, 1958)

Shannon’s diversity index: The Shannon-Weaver diversity index is one of a so called

family of heterogeneity indices. These indices do not only take taxa richness into
account but also depend on the relative distribution of individuals. The logarithm can
be taken to any base but taken to the base of two gives H’ a special meaning: bits per
species. It is the mean number of binary decisions necessary to determine the taxum
of an individual. Originally derived from communication theory (Shannon and
Weaver, 1949), this index was severely criticized by Hurlbert (1971) for containing
no ecologically valuable information. Apart from the problem of interpreting the
ecological meaning of bits per species, all heterogeneity indices share the drawback
that information is lost by merging two concepts. It is not possible to tell from the
final value, if it is high or low due to species richness or relative abundances or a
combination of both.

5
H'=-3 p:log, p;

1=1 (Shannon and Weaver, 1949)

Simpson’s index of diversity: The Simpson’s index D also belongs to the class of

heterogeneity indices and is a probability measure. Therefore it ranges between 0

and 1 but it appears in three similar formulations: D, 1-D and 1/D. Each one has its
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own name but often they all use the symbol D and are simply called Simpson’s
index, so attention is advisable at comparisons. In the formulation of 1-D, the
Simpson’s index of diversity is the probability of encountering two different species

when randomly picking two individuals of a sample.

D=1-%p!
=1 (Simpson, 1951)

Pielou’s evenness: Pielou (1966) defined this equitability measure for the Shannon

weaver index. J’ will approach 1 if H” will approach the maximal possible value for

the given set of species, meaning that all species in the sample will be equally

abundant.
H' H'
H,.. logys (Pielou, 1966)

Taxonomic diversity A: Proposed by Warwick and Clarke (1995), the taxonomic
diversity index delta is derived from the Simpson index. ij is the “distinctness
weight” and has no fixed syntax. It could be simple as a number for relatedness
(1=same genus, 2= different genus same family, etc.) or a measure of distance
between species in a phylogenetic tree.

5 s
ZZCDU X, xj.

i=17=1

(n(n - 1))
2 (Warwick and Clarke, 1995)

Taxonomic distinctness A +: Taxonomic diversity calculated only on

presence/absence data. If all xi are assumed to equate to unity then taxonomic

diversity reduces to taxonomic distinctness.
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5 &
2.2y
i=1j=1

(s s — 1)>
2 (Warwick and Clarke, 1995)

Sum of phylogenetic diversity ® +z: Introduced by Faith (1992). The total branch

length of the phylogenetic tree.

Average phylogenetic diversity ® +: This is simply the total phylogenetic diversity

divided by the number of species.

Although this is not exhaustive list, the selection shows representation of all the three
concepts (richness, evenness, difference), as well as indices which incorporate
concepts. Other common indices have not been used because they are in one way or
the other inappropriate for the dataset, like Fisher’s a, which assumes a log series
distribution of species abundances, or the rarefaction method of Saunders which

allows comparisons of samples of unequal size.

2.3.2 Functional Diversity

With the unprecedented nature of biodiversity changes, science is faced with the
challenge of predicting how ecological systems will respond. Predicting future
changes based on relationships and patterns in the current environment records offers
one way to address this question. While this approach has yielded important insights,
it is largely correlational, making the identification of the roles of specific drivers of
change (e.g. climate, atmospheric chemistry, land use, biota) difficult (Osmond et
al., 2004). A complementary approach is to identify the functional or mechanistic
basis of the links between ecosystem functioning and global changes by scaling

processes (Woodward et al., 1991; Field et al., 1992; Iverson and Prasad, 2001).
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Functional diversity can be quantified using a variety of indices that capture different
aspects of the distribution of trait values within a community (Bétta-Dukat, 2005;
Ricotta, 2005; Petchey and Gaston, 2006). Functional groups describe organisms that
share a similar physiological or ecological function e.g. deposit-feeders, bioturbators,
predators (Bonsdorff and Pearson, 1999). The validity of using functional groups has
been questioned because analyses based on such divisions may be meaningless
without more comprehensive knowledge about life history and biology of marine
biota than is currently available for most species (Pearson, 2001). In addition, some
evidence points to species identity being closely linked to ecosystem services such as

bioturbation (Norling et al., 2007).

In a broad scale functional diversity research, Naeem and Wright (2003) proposed
four step-wise factors:
determination of species composition across sites through regional biotic
inventory of species pool and application of environmental filters (Woodward
and Diament, 1991; Keddy, 1992) (hierarchy of abiotic and biotic factors that
constrain the distribution and abundance of the species, see Diaz et al., 1999;
Lavorel and Garnier, 2002) to obtain local species composition.
Species abundance determination through relative abundance or common and
rarity.
Determination of functional traits by selecting driver of biodiversity impacts,
ecosystem process, screening the local biota for relevant functional traits,
establishing response traits relevant to the selected driver, and also establishing
effect traits relevant to selected ecosystem function.

Determination of ecosystem functioning.
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Nonetheless, functional diversity (utilizing functional/biological traits analysis) has
assumed increased prominence in biodiversity ecosystem function (e.g. Petchey and
Gaston, 2002; Bremner, 2006). According to Mason et al., (2005), functional
diversity is a measure (or group of measures) of the distribution of species and
abundance of a community in functional attribute space that represents the
following:
e the amount of functional attribute space filled by species in the community
(functional richness),
e the evenness of abundance distribution in filled niche space (functional
evenness), and
e the degree to which abundance distribution in niche space maximizes
divergence in functional attributes within the community (functional
divergence).
In their perspective, Tilman, (2001) and Hooper et al. (2005) refer to functional
diversity to mean the range and value of organism traits that can influence ecosystem
properties. According to Hooper et al. (2005), functional diversity can be expressed
in a variety of ways including the number and relative abundance of functional
groups (Tilman et al., 1997, Hooper and Vitousek, 1998) and (Spehn et al., 2000),
the variety of interactions with ecological processes (Martinez, 1996), and the
average difference among species in functionally related traits (Walker et al., 1999).
Functional groups are defined as groups of taxa which share a range of similar
attributes and have analogous effects on major ecosystem processes (Bonsdorff and

Pearson, 1999).


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib52
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib25
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib25
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib53
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib24
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib49
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib32
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bib59
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bbib5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WDV-4W8VW5J-1&_user=5890427&_coverDate=08%2F01%2F2009&_rdoc=1&_fmt=high&_orig=gateway&_origin=gateway&_sort=d&_docanchor=&view=c&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=5d16ea6466dcea2bdc629fb28d8280c8&searchtype=a#bbib5
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Functional diversity results from the different ways by which different species
exhibit similar functional traits, or the number of different functional groups sharing
biological traits (Wright et al., 2006). Functional attributes of species are therefore
crucial to understanding the effects of marine biodiversity and its role in ecological
patterns and processes. Functional categorization of marine species is a useful
approach for comparing communities over large scales in a way that transcends
taxonomic boundaries, and for linking changes in structure to effects on ecological
function (e.g. Bellwood et al. 2003; Floeter et al. 2004; Micheli and Halpern, 2005).
An effective functional classification could be a cost-effective way of predicting
effects of loss (or restoration) of particular taxa on ecosystem functioning and could
have valuable implications for management and conservation (Micheli and Halpern,
2005). Functional classifications can enable meaningful comparison of the roles of
biodiversity in different ecosystems as they transcend taxonomic differences

(Micheli and Halpern, 2005; Bremner, 2006).

Functional classification of organisms can also improve mechanistic understanding
of community assembly (Micheli and Halpern, 2005). This is because diversity is
manifest in species identities (e.g., variations in form and functions) and therefore
variations in species traits is a key element in biological diversity (Crowe and
Russell, 2009). Reiss et al. (2009) emphasized that biodiversity-ecosystem
functioning (B-EF) experiments regarding traits, could hold species identity
constant, and alter traits and functional diversity to demonstrate whether species
provide unique contributions to ecosystem processes. Ecosystem functions (e.g.,
nutrient cycling, sediment stabilization etc.) are moderated by the functional

attributes of species in a community. To understand how an ecosystem will function
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and its ability to provide crucial ecosystem services as well as its capacity to respond
to environmental changes, functional diversity of the assemblages are critical

fundamental steps.

Thus, there have been increased interests in examining ecosystem consequences of
biodiversity loss in marine systems (e.g., Emmerson and Raffaelli, 2000; Duffy et
al., 2001, Emmerson et al., 2001; Stachowicz et al., 2002; Solan et al., 2004; Hooper
et al., 2005; Worm et al. 2006; Bracken et al., 2008) especially in high latitude
locations. However, the biodiversity ecosystem function (B-EF) relationship can be
dependent on environmental conditions for specific ecosystem functions (Hiddink et
al., 2009), which differ in spatial scales. Functional diversity incorporates
interactions between organisms and their environment into a concept that can portray
ecosystem level structure in marine environments (Bremner et al., 2003a). The
functional traits of benthic species are modified on many temporal and spatial scales
(Solan et al., 2004) due to the effects of physical, chemical and biological
characteristics. Environmental gradients may form geographic patterns of diversity
by influencing local processes such as predation, resource partitioning, competitive

exclusion, and facilitations that determine species co-existence (Levin et al., 2001).

2.3.3 Functional Diversity Indices

Recently, several methods have been proposed and described on how to calculate
functional diversity (Mason et al., 2003, 2005; Botta-Dukéat, 2005; Ricotta, 2005;
Petchey and Gaston, 2006; de Bello et al., 2006). Some consider species
presence/absence, whereas others are based on abundance data (e.g., Bady et al.,

2005; Botta-Dukat, 2005; Mason et al., 2005). However, incorporating species
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abundances into a measure of functional diversity poses several questions on
weighing the relative contribution of richness and evenness components (Hurlbert,
1971), and on the relationship of trait dissimilarity (Walker et al., 1999) to the
ecological diversity of species (Magurran, 1988). It is therefore a more complex
problem than previously thought (Mouillot et al., 2005; Ricotta 2005; Petchey and

Gaston, 2006).

Petchey et al. (2004) compared four presence/absence measures of functional
diversity: (i) species richness (SR), (ii) functional group richness (FGR), (iii) a
dendrogram-based measure (DBM) and (iv) functional attribute diversity (FAD).
Although the simplest measure is SR, it assumes that all species are equally different
and the contribution of each species to functional diversity is independent of species
richness (Petchey et al., 2004). Functional group richness (FGR) is the number of
functional groups present in the community. FGR assumes that the species within the
same group are identical in function (Lawton and Brown, 1993) and assigning a
species into a category is unambiguous. However, many animal species use, for
instance, a variety of feeding strategies and show omnivory (Lancaster et al., 2005;
Woodward et al., 2005ab). Thus, measuring functional diversity based on FGR is not
always meaningful, even if its application can be fruitful when no taxonomical

information on the fauna of the study area is available (Cummins et al., 2005).

A further problem is that the number of functional groups is arbitrarily determined.
Petchey and Gaston (2002) applied cluster analysis from a matrix of functional traits,
and then used the sum of branch lengths of the dendrogram as a multivariate measure

of functional diversity (DBM). This function does not suffer from the problem of
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species categorization since it uses the functional traits of the species (Walker et al.,
1999; Petchey and Gaston, 2002; Petchey et al., 2004; Botta-Dukat, 2005; Ricotta,
2005; Podani and Schmera, 2006), and can be defined as a continuous measure
(Petchey and Gaston, 2006). However, DBM also has limitations. For instance,
Petchey and Gaston (2002) suggest that after removing a group of species from the
community, the functional diversity of the new community should be calculated by
deleting those parts of the dendrogram which pertain to the removed objects and then
by summing the branch lengths for the remaining part. When a new group of species
is captured, a new dendrogram should be calculated for all species (i.e., the original
species and the new species). Accordingly, the same community could have different
functional diversity if measured by the DBM value, depending upon the original

community and the dendrogram from which it was derived.

Functional attribute diversity (FAD) (Walker et al., 1999; Petchey et al. 2004) is the
sum of the pairwise functional dissimilarities of species. FAD can be calculated as
follows

FAD =% ) du,

e (Walker et al., 1999):

where S is the number of species, and dyk is the dissimilarity between species h and
k. Thus, FAD measures the dispersion of species in the functional traits space
(Ricotta, 2005) and similarly to DBM, it is also a continuous measure of functional

diversity (Petchey and Gaston, 2006).

Among the many methods, the Rao coefficient (another measure of functional

diversity proposed by Rao, (1982)) is gaining currency as a good candidate as an
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efficient functional diversity index, because it is a generalization of the Simpson’s
index of diversity, it is easy intuitively understandable, and it can be used with
various measures of dissimilarity between species (both those based on a single trait,
and those based on many traits (Ricotta, 2005; Petchey and Gaston, 2006). However,
when intending to quantify the functional diversity, various methodological
decisions such as how many and which traits to use, how to weight them, how to
combine traits that are measured at different scales and how to quantify the species’

relative abundances in a community have to be made.

The Rao index uses species traits to calculate dissimilarity among species (Botta-
Dukéat, 2005; Leps et al., 2006; Lavorel et al. 2008). The Rao index generally
reflects the probability that, picking randomly two individuals in a community (i.e., a
sample), they are different. For trait diversity, the Rao index represents the
probability that they are functionally different (e.g. for single traits, either they have
different trait values or different trait categories). The Rao coefficient is very
flexible, and can be used with various dissimilarity measures. For example,
Shimatani (2001) used it with taxonomic dissimilarity when exploring taxonomic
diversity and amino acid diversity; asymmetrical measures can be also used. The
main methodological decisions are mainly i) how to measure the species
dissimilarity, and ii) how to characterize the proportion of a species in the
community. These methodological decisions are also made even if other indices of

functional diversity other than Rao’s coefficient are being used (Leps et al., 2006).

The mechanistic models concerning the functional consequences of diversity have

been based on the fact that species differ from each other (and thus function
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differently; MacArthur, 1955). Similarly, the importance of the differences among
species for maintaining species coexistence was explicitly expressed by the concept
of limiting similarity (MacArthur and Levins, 1967). Ecologists have thus
progressively realized that species differ from each other in terms of some traits
(Diaz and Cabido, 2001) and thus that the effect of ecological diversity might be
based on the “extent of trait dissimilarity among species in a community” (or
functional diversity; Tilman, 2001; Petchey and Gaston, 2002). Traditionally, species
diversity has been considered a surrogate for functional diversity in most studies
linking biodiversity to ecosystem functioning (Diaz and Cabido, 2001; Loreau et al.,
2003). However, some pairs of species are very similar to each other, while some are
very different. Consequently, the relationship between species diversity and
functional diversity is expected to be positive (Petchey and Gaston, 2002) but not

necessarily very tight (Diaz and Cabido, 2001; Petchey and Gaston, 2006).

Other two widely used continuous measures of functional diversity are the
dendrogram-based measure (DBM) and the functional attribute diversity (FAD). In
contrast to DBM, FAD does not require the knowledge of the entire species pool
before the analysis, and hence FAD is a more ideal tool for measuring functional
diversity. However, the original form of FAD and its variants have several
undesirable properties (Schmera et al., 2009). A modified FAD (denoted by MFAD)
has therefore been suggested (Schmera et al., 2009). The MFAD allows for
calculating functional diversity without violating the twinning and monotonicity
criteria such that the number of species collected is compensated for (Schmera et al.,
2009). These requirements are met by replacing the original species by so-called

functional species and then by dividing FAD by the number of functional units.
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Accordingly, MFAD measures the dispersion of species in the functional traits space
so that MFAD values for different communities can directly be compared if the same

set of functional trait is used.

2.3.4 Functional Trait Analysis

One of the most promising of the recently proposed approaches to measure
functional diversity is biological traits analysis (BTA) (Statzner et al., 1994). A
biological trait is a character of an organism that may be inherited or
environmentally determined. The character can be genotypic or phenotypic i.e., size,
body form, movement, feeding, larval type. These characteristics strongly influence
ecosystem properties. The contribution of a benthic species to ecosystem processes
may be determined by a suite of biological characteristics (Webb and Eyre, 2004a),

suggesting the involvement of a number of traits in ecological functioning.

Biological traits analysis uses a series of life history, morphological and behavioural
characteristics of species present in assemblages to indicate aspects of their
ecological functioning (here defined as the maintenance and regulation of ecosystem
processes (Naeem et al. 1999)). The roles performed by benthic species are
important for regulating ecosystem processes (Snelgrove, 1998) and these roles are
determined by the biological traits species exhibit (Bremner et al., 2006). Several
characteristics can be involved in organisms’ responses to individual environmental
variables. For example, responses to benthic trawling have been linked to traits such
as feeding methods, body size, flexibility, mobility and burrowing activities (Kaiser
et al., 1998; Rumohr and Kujawski, 2000; Bradshaw et al., 2002; Thrush and

Dayton, 2002).
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The approach aims to provide a description of multiple aspects of functioning based
on features of the biological ecosystem component. It does this by utilising specific
species traits as indicators of functioning (Diaz and Cabido, 2001) and examining the
occurrence of these traits over assemblages (Bremner, 2008). Biological Traits
Analysis (BTA) is based on habitat templet theory, which states that species’
characteristics evolve in response to habitat constraint (Southwood, 1977).
Community structure is governed by habitat variability and the biological traits
exhibited by organisms will provide information about how they behave and respond
to stress (Lavorel et al., 1997), thereby indicating the state of the environment
(Usseglio-Polatera et al.,, 2000b). BTA uses multivariate ordination to describe
patterns of biological trait composition over entire assemblages (i.e., the types of
trait present in assemblages and the relative frequency with which they occur)

(Bremner et al., 2006).

Species trait analysis (STA) focuses on defining biological and ecological
characteristics of faunal assemblages. It incorporates information on species’
distributions and the biological characteristics they exhibit, to produce a summary of
the biological trait composition of assemblages (Bremner et al., 2005). The approach
provides a link between species, environments and ecosystem processes, and is
potentially useful for the investigation of anthropogenic impacts on ecological
functioning (Bremner et al., 2005). Species diversity indices do not take into account
functional differences between species, though some authors pointed out the
necessity of including these differences between species to estimate a diversity
related to changes in environmental conditions or influencing ecosystem processes

(Diaz and Cabido, 2001; Mouillot et al., 2005). Alternative groups, functional
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diversity and productivity descriptors are proposed (Bremner et al., 2003; Mouillot
et al., 2006). These methods offer the opportunity to compare sites with different
taxonomic compositions and allow derivation of indicators related to ecological

status of communities under scrutiny.

Ecological functions can be described by a variety of biological traits that reflect the
adaptations of species to environmental conditions (Townsend and Hildrew, 1994). It
Is thus promising to quantify the functional diversity in ecological communities to
study both the response of diversity to environmental gradients and the effects of
diversity on ecosystem functioning (Leps” et al., 2006). The distinction between
functional effect groups and functional response groups is directly analogous to the
distinction between the functional and habitat niche concept (e.g., Leibold, 1995)
where the functional niche encompasses the effects that a species has on community
and ecosystem dynamics, and the habitat niche encompasses the environmental

parameters necessary for species survival (Hooper et al., 2005).

Changes in the environment can affect ecosystem processes directly through effects
on abiotic controls and indirectly through effects on the physiology, morphology,
and behavior of individual organisms, the structure of populations, and the
composition of communities (Suding et al., 2008). Changes of the functional
components of the communities represent the adaptations of the organisms to the
environment and their response to stress (de Juan et al., 2007). For instance, the

response of benthic fauna to organic enrichment depends on the biological traits of
the organisms (Papageorgiou, et al., 2009; Villnds et al., 2011). Different species

have different activity patterns and the importance of faunal activities for system
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regulation is frequently associated with individual species traits (Norling et al.,
2007). For example, opportunistic species are less affected by sedimentation and

likely to respond positively to it (Tomassetti and Porrello, 2005).

2.4 Disturbance of Marine Biodiversity

Disturbance relates to the disruption of system’s stability resulting from events
including natural and anthropogenic. It is often not possible to decide what has been
changed by anthropogenic stress and what is natural. This is because anthropogenic

stresses are superimposed on stresses caused by natural environmental factors

(Raffaelli and Hawkins, 1996). Anthropogenic stress is the response of a biological

entity (individual, population, community etc.) to an anthropogenic disturbance or
stressor. Stress can be any factor that negatively affects the physiology, growth,
reproduction and survival of an organism or that has consequences affecting
populations or communities (Shiel, 2009). Stress at one level of organization (e.g.
individual, population) may also have an impact on other levels, for example,
causing alterations in community structure. However, it is sometimes difficult to
detect the effects of anthropogenic stress at the level of individual organisms, and
impacts are more often investigated at a population or community level (Crowe et

al., 2000).

There is little doubt that anthropogenic disturbance have extensively altered the
global environment, leading to a decrease in biodiversity. Changes in marine
biodiversity are directly caused by exploitation, pollution and habitat destruction, or
indirectly through climate change and related perturbations of ocean

biogeochemistry (Jackson et al., 2001; Dulvy et al., 2003; Lo6tze et al., 2006).
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Disturbance of the community by physical and biological factors may reduce the
number of organisms in the community to the point at which there is less
competition for resources, and hence less competitive exclusion and greater species

diversity (Dether, 1984).

Jackson and Chapman (2009) indicated a tendency to associate current biodiversity
changes with contemporary causes such as pollution, global warming and invading
species. In reality, impacts may be temporally disconnected from their causes; long-
term or historic activities may have precipitated chains of events, causing what we
see today. Anthropogenic influence and their consequences may also be

disconnected spatially (Jackson and Chapman, 2009).

Useful conclusions of Worm et al. (2006) indicate that high biodiversity in the
marine environment is associated with ecosystem stability and resilience, and with
the productivity and recovery potential of vital fisheries, although this was criticized
for two shortcomings (Holker et al., 2007). In the marine environment, changes are
often assumed to be smaller, more localized or more easily reversed, although this
may not be the case-e.g., large fishing grounds take decades to recover (Thrush and
Dayton, 2002). Many impacts on ecosystem have now become global in scale (e.g.,
declines in major fisheries; Brander, 2007); others are limited to a local sphere of
influence. According to Worm et al. (2006) and Holker, et al. (2007) the number of
overexploited or depleted fish stocks has been increasing over several decades and
the United Nations Food and Agriculture Organization (FAQO) reports an increase
from about 10% in the mid-1970s to around 25% in the early 1990s (FAO, 2006).

The FAO data indicate, however, that the increasing trend has stabilized since the
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early 1990s, whereas the Worm et al. (2006) data indicate that the increasing trend

continues.

Enhanced fisheries recovery occur at high diversity due to the fact fishers can switch
more readily among target species, potentially providing overfished taxa with a
chance to recover (Worm et al., 2006). Also taxonomically related species play
complementary functional roles in supporting fisheries productivity and recovery
(Worm et al., 2006). Another useful finding from Worm et al. (2006) indicated that
collapse of LME fisheries occurred at a higher rate in species-poor ecosystem
compared with species-rich ones, giving credence to the effects of biodiversity loss
on the ecosystem. Removal of mature fish affects the supply of juveniles elsewhere
in the system, with consequences for species richness and diversity, marine predator
populations, and food web functionality (Worm et al., 2006) that extend over a far

greater area and range of ecosystems than the fishing activity itself.

Recent evidence suggests that coastal and open-water systems can rapidly flip from
being dominated by fish (that keep jellyfish in check through competition or
predation) to a less desirable ‘gelatinous’ state (Richardson et al., 2009). This new
ecosystem state is resistant to returning to its original state because jellyfish are
voracious predators of fish eggs and larvae, and effectively prevent fish from
returning. This flip to a jellyfish-dominated system once a critical threshold is
reached has been termed ‘the jellyfish joyride’. Thus, natural ecosystems can be
slowly degraded by the combination of continued overfishing, eutrophication and

climate change to one where there are few fish, marine mammals and seabirds (Fig.
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2.1). This change to jellyfish is consistent with the ‘rise of slime’ (Pandolfi et al.,

2005).

Figure 2.1 Human-induced processes of change from fish to jelly-fish

domination (after Richardson et al., 2009).

These tipping points for ecosystems (illustrated in Fgiure 2.1) are generally unknown
and the new ecosystem state is resistant to returning to its original state (Richardson
et al., 2009). A pervasive and irreversible impact of human activity on natural
marine ecosystem is introduction of non-indigenous species. The opportunities for
species introduction have steadily increased over recent centuries (Hewitt and
Campbell, 2007). Non-indigenous species are now common inhabitants of most
geographic regions of the world. For example, up to 230 introduced species have
been documented for a single estuary (Loxahatchee River estuary in Florida, USA)
and about 400 are established in marine and estuarine habitats in the US alone (Ruiz
et al., 1997). Although the ecological effects of introduced species to the native

assemblage are not clearly fully understood, they pose a significant stress to marine
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communities, particularly in areas already stressed by loss of habitat or high levels of

contamination (Clynick et al., 2009).

The degrading effects of fishing, habitat destruction, introduced species, and
eutrophication reinforce each other through positive feedbacks (Jackson, 2001;
Jackson et al., 2001; Lotze et al., 2006). For example, oysters were nearly eliminated
by overfishing, but their recovery is now hampered by hypoxia due to
eutrophication, by introduced species that compete for space and cause disease, and
by the explosive rise of formerly uncommon predators that were previously kept in
check by now overfished species in the Neuse River estuary, North Carolina, USA
(Lenihan and Peterson, 1998; Myers et al., 2007). Much of the overall decline of the
80 species reviewed by Lotze et al. (2006) was due to multiple suites of drivers: 45%
of depletions and 42% of extinctions involved multiple impacts. Nowhere have these

drivers been brought under effective regulation or control.

Trawling is the most important factor affecting the structure and function of soft-
bottom communities globally (Watling and Norse, 1998; Thrush and Dayton, 2002;
Gray et al., 2006). A number of studies have investigated the impacts of trawling on
different components of the marine ecosystem (e.g., Drabsch et al., 2001; Spark-
McConkey and Watling 2001; Thrush and Dayton, 2002; Nilsson and Rosenberg,
2003; Rosenberg et al., 2003). McConnaughey et al. (2000) further demonstrated
that there are chronic effects, which result in lower diversity in the sedentary
macrofauna in the heavily trawled areas of the eastern Bering Sea. Tillin et al. (2006)

found that chronic bottom trawling can lead to large-scale shifts in the functional
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composition of benthic communities, with likely effects on the functioning of coastal

ecosystems.

Another important factor of disturbance to benthic communities is euthrophication.

Benthic eutrophication is defined as an increase in the rate of supply of organic
matter to benthic environment (Nixon, 1995). One of the most important effects of
eutrophication on aquatic organisms is the reduction in the concentration of
dissolved oxygen. Hypoxia or anoxia (low or nil oxygen content) can cause direct
mortality and reduced growth rates in organisms (Weston, 1990). Many studies have
documented changes in biodiversity of macrofaunal benthic communities under
hypoxia conditions (Nilsson and Rosenberg, 1994; Ritter and Montagna, 1999; Craig
et al., 2000; Meyers et al., 2000; Nilsson and Rosenberg, 2000; Rosenberg et al.,
2001) and into the behavioral or physiological responses of species to hypoxia
(Rosenberg et al., 1991; Holmes et al., 2002; Wu and Or, 2005). These studies
showed decreased biodiversity, alterations of species composition and reductions in
biological responses, when the benthic environment is subjected to short or long-
term hypoxia events. Although the effects of hypoxia on biodiversity, physiology
and behavioral responses have been extensively studied (Widdows et al., 1989;
Vaquel-Sunyer and Duarte, 2008; Hondorp et al., 2010), there has not been any
research into the combined effects of trawling and hypoxia on the biological traits of

benthic communities.

The intermediate disturbance hypothesis of Connell (1978) predicts maximum
biodiversity at a frequency of disturbance where recruitment is able to replace lost

individuals but inter-specific processes do not have time to exclude species. This
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response has been recorded in many marine systems (Begon et al., 1996; Svensson et
al., 2007). Disturbance, both anthropogenic and natural, may act as a potential
abiotic drivers/surrogate for diversity at an appropriate spatial scale and temporal
scale (Harris et al., 2008). The stability of the seabed sediment surface exerts a major
control on benthic community structure (Newell et al., 1998). Species diversity tends
to be highest on stable rocky shores and on cohesive muddy shores, with the more
mobile sandy or fine gravel substrates typically showing much lower richness.
Sediment stability is dependent on slope, particle size and the degree of water motion
on the bed (Bagnold, 1963). The shape and roundness of sediment grains are
additional properties that determine the stability of a deposit (Lewis and McConchie,
1994) but grain shape is difficult to measure and is rarely recorded despite its likely
importance. Stability may also be influenced by the presence of biota through
biological armouring of the bed and binding of sediment by faunal mucus (Murray et
al., 2002). The stability of a sediment surface as a habitat is difficult to quantify,
particularly given that one of the key proxies, sediment grain size, is determined on
disaggregated samples which have been dislodged from their environment and may
have little physical resemblance to what an organism actually encounters (Snelgrove

and Butman, 1994).

2.5 Environmental Drivers of Marine Benthic Diversity

The goal of ecological research is to determine which easily measured characteristics
best describe the species assemblage of a particular space and time (Moore et al.,
1991). Models which have been suggested for understanding community dynamics
or species assemblages include ‘‘environmental stress models’” and either

““nutrient/productivity models’’ or the ‘‘food chain dynamics hypothesis’’ (Connell,
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1975; Oksanen et al., 1981; Fretwell, 1987; Menge and Olson, 1990; Menge, 2000).
Environmental stress models assume that community structure results from species
interactions and disturbances, and how these are modified by underlying gradients of
environmental stress (where stress is a consequence of environmental conditions
such as temperature, moisture, salinity) (Menge et al., 2002). The two models
postulate that communities can be ordered along environmental gradient. McGill et
al. (2006) argued that general principle in community ecology may not be achieved
if research continues to focus on pair-wise species interactions independent of the
environment. Global species distributions are generally believed to be determined by
abiotic influences related to oceanographic and physiographic properties (Sanders,
1968; Ricklefs and Schluter, 1993). For instance, water motion affects biology by
acting as a transport mechanism for organisms and their propagules, as a dynamic
boundary between regimes, and as a force to which organisms must adapt or
respond, for example, in their feeding and locomotor activities (Nowell and Jumars,

1984; Denny, 1993).

The abiotic characteristics are expected to act as predictors of species assemblages in
unexplored areas (Franklin, 1995). Pitcher et al. (2007) identified grain size,
carbonate composition, available space, benthic irradiance, sheer stress, bathymetry,
bottom water physical properties, nutrient concentrations and turbidity as abiotic
surrogates of biotic distributions on the Great Barrier Reef; but these variables, while
useful predictors, may not be the forces driving the patterns they describe. The
influence of abiotic factors on species assemblages is due to the effect they exert on
fundamental niches. A species’ fundamental niche was defined by Austin et al.
(1990) as “that hypervolume defined by environmental dimensions within which a

species can survive and reproduce.” Fundamental niches are rarely fully realized by
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species because interspecific competition, disease and disturbance events displace
individuals and populations, resulting in a reduced occupied hypervolume, often

referred to as the realized niche (Austin and Smith, 1989).

The environmental gradients that describe a species’ fundamental niche can be
broadly grouped into resource gradients — e.g. chemicals or energy consumed by a
species; direct gradients — variables with a physiological influence on a species but
not consumed by it — e.g. sediment grain size or temperature; and indirect gradients —
variables correlated with direct and resource gradients but with no physiological
connection to the species — e.g. depth and latitude (Meynard and Quinn, 2007).
When niche theory was first proposed, species were expected to exhibit a Gaussian
distribution to environmental gradients but skewed distributions are more common in
ecological studies as the effects of additional variables express their influence

(Karadzic et al., 2003).

The abiotic variables which have been historically ascribed the greatest direct
influence over benthic organism distributions are temperature, salinity, oxygen
concentration, light availability and sediment composition (Snelgrove, 2001).
Environmental variables (such as sediment structure, organic matter content,
temperature, salinity, dissolved oxygen, nutrient concentrations, pH, turbidity, water
transparency and depth) have been found to correlate with abundance, density and
diversity of macrofauna and these variables may vary seasonally (Nicolaidou et al.,
1988; Arvanitidis et al., 1999; Hagberg and Tunberg, 2000; Mistri et al., 2000;

Mistri et al., 2001).
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A model describing the influences of these factors and some of their potential
synergies is given in Figure 2.2. The figure depicts the influence of interdependency
of physical processes and potential surrogate abiotic drivers on biological
community structure. Olabarria (2006) found depth accounted for as much as a
quarter of the variance in benthic diversity in deep systems but, as benthic organisms
lack an apparent mechanism for measuring depth, some correlated water quality
parameter or seafloor characteristic most likely influences the settlement, recruitment
and survival processes that result in the observed depth related patterns. Lamptey et
al., (2010) identified nitrate-nitrogen, dissolved oxygen, salinity and water
temperature as suite of abiotic drivers of rocky intertidal biodiversity in Ghana. Gray
(2002) reduced Snelgrove’s list of direct drivers (2001) to productivity, temperature
and sediment composition as the dominant variables in determining regional benthic
richness, noting that temperature and productivity are often correlated to depth and
latitude. Combinations of these driving influences occur with varying spatial and
temporal consistency, in turn producing semi-regular patterns of biodiversity. The
validity and origin of several identified general benthic biodiversity patterns are the
focus of much recent debate. For example, the latitudinal (spatial) richness gradient,
widely accepted as a rule for benthic fauna since the mid twentieth century (Thorson,
1957) has been shown to be weaker than previously thought (Snelgrove, 2001) or
entirely incorrect for some taxa or systems (Rex et al., 2005) due to the driving

influence of complex biotic and abiotic factors.
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Figure 2.2. Conceptual map of the relaionships between drivers of biodiversity in

marine systems and potential surrogates (after .McArthur et al., 2009).

2.5.1 Spatial and Temporal Patterns of Environmental Drivers

An important goal in community ecology is to understand factors contributing to
species assemblage patterns at variety of spatial and temporal scales. Benthic faunal
communities vary considerably in time and space (Carriker, 1967; Boesch, 1973),
due, in great part, to the patchiness of species occurrences (Pearson and Rosenberg,
1978) and overall heterogeneity of the benthic habitat (Mistri et al., 2000). This
heterogeneity has been ascribed to such factors as bottom sediment, spatial
variability (Tenore, 1972), climatic irregularity (Hessle and Sanders, 1967; Bourcier,
1995), anthropogenic perturbations (Rosenberg, 1973; Kroncke et al., 1992) and
biogenic structures (Woodin, 1981). According to Alongi (1990), temporal and
spatial patterns of benthos are determined by primary production in the water column

and by sediment types and associated physico-chemical conditions. Changes in
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environmental conditions promote changes in species assemblages at variety of
spatial scales (Lamptey et al., 2010). Many environmental factors affecting species
performance and interactions vary with spatial scale (Noda, 2009). There is,
however, no particular scales of change that are consistent among taxa (Burrows et
al., 2002), congruently demanding ambitious ecological models to decipher spatial
patterns. Physical or environmental factors, such as water depth and sediment type
and movement, are considered to determine large-scale patterns of distribution (e.g.
Thorson, 1957; Barry and Dayton, 1991). Within these patterns, however, spatial

heterogeneity exists at various scales, forming a mosaic of patches.

Spatial heterogeneity is often cited as a diversity driver, with high inshore species
richness being promoted by the variety of habitats available on a broad scale and
deep water benthic and planktonic richness occurring in spite of low biomass as a
result of small scale shifts in sediment or water composition in habitats which
otherwise appear homogenous (Snelgrove, 2001). Spatial pattern is difficult to
quantify and often refers to the spatial character and arrangement, position or

orientation of patches within a landscape (Li and Reynolds, 1993).

A greater understanding of the distribution and complexity of benthic habitats and a
common approach to measuring and describing this complexity will provide a spatial
framework within which to properly address spatially explicit research and
management goals (Kendall et al., 2005). The decline of many species has been
linked directly to habitat loss and fragmentation. Identifying what characteristics
make an area preferentially habitable for particular species has been examined by

many landscape ecologists and is being increasingly taken up by marine ecologists to
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describe patterns of benthic diversity (Barrett et al., 2001). Recent advances in image
processing and GIS technologies have made it possible to link indices of landscape
pattern to ecological functions. However, the uncertainties in mapping the pattern
and extent of marine habitats have, until recently, been behind the rarity of habitat-

scale studies in marine ecology

Increasing species richness with increasing proximity to the equator is a long
recognized biogeographic pattern (Cox and Moore, 2005). While this pattern has
been documented in the marine environment (Attrill et al., 2001) it has recently been
found to be less general than previously thought (Gray, 2001). Hawkins et al. (2003)
and Willig et al. (2003) each cite thirty hypotheses to explain latitudinal richness
gradients. These were categorized by Mittelbach et al. (2007) into ecological,
historical and evolutionary groups. The ecological hypotheses concentrate on the
different adaptive challenges faced by organisms living in different climatic zones:
polar and temperate organisms must adapt to environmental conditions (Schemske,
2002) while tropical organisms, dealing with less harsh abiotic extremes, adapt to
biotic interactions (Crame, 2000). Historical explanations concentrate on the age and

stability of richness hotspots (Alongi, 1990).

Evolutionary models incorporate several possible drivers for high rates of speciation
including the wide variety of microhabitats available in tropical regions (Rex et al.,
2005) and higher rates of molecular evolution (Kerswell, 2006). Attempts to measure
and explain the extent of a latitudinal richness gradient in taxa other than molluscs
on broad geographic scales have found less evidence for a marine equivalent to the

terrestrial pattern (Gray, 2001) and brought into question the treatment of data in
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describing such patterns. For example, Thorson’s (1956) pattern of increasing
richness in benthic epifauna toward the equator was based only on the 140,000
marine taxa known at the time (Snelgrove, 2001). Diversity responses to pure spatial
gradients can vary depending on how assemblage data are treated. Ellingsen et al.
(2005) determined that latitude could account for variance in richness of molluscs
(11.8 % explained), annelids (9.6 %) and crustaceans (13.7 %) in Norwegian shelf

benthos.

2.5.2 Water Depth

Water depth has been a consistently powerful explanatory variable in benthic studies
(Nicolaidou and Papadopoulou, 1989; Gogina et al., 2010). When generalizing from
shallow to deep, intertidal and estuarine systems exhibit high biomass and low
species richness caused by high productivity and extreme environmental conditions
(Edgar, 2001), coastal shelves have moderate biomass and species richness
(Snelgrove, 2001), and the deep sea shows a decrease in biomass and increase in
richness (Levin et al., 2001). Peak benthic species richness values have been
recorded seaward of the continental rise, excluding the deep sea (Snelgrove, 2001).
The lower slope and abyssal plains become comparatively depauperate for some
groups, and species turnover tends to be high (Paterson et al., 1992). Levin et al.
(2001) stated that the deep sea houses greater diversity than coastal shelf systems,
although at far lower abundances. Areas with low abundance and high species
turnover require greater sampling effort to reliably account for diversity (Etter and

Mullineaux, 2001).
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2.5.3 Substrate Types

Numerous studies have provided evidence to show significant differences in the
species composition between ‘hard’ and ‘soft’ substrata (Beaman et al., 2005;
Beaman and Harris, 2007; Williams and Bax 2001). For practical purposes, ‘soft
substrate’ is usually defined as detrital mineral or biogenic sediment comprising
grains with a mean diameter less than 2 mm, although gravel size fractions are often
included (Lewis and McConchie, 1994). The term ‘hard substrate’ is typically used
to represent rock outcrops but may include sediments with large grain size (e.g.
cobbles, boulders) since these materials can provide a surface that is functionally
comparable to bedrock. While the contrast between soft and hard substratum is
conceptually simple, defining the boundary between soft and hard substrates can be
complex in practice because some rock types are friable or semi consolidated and
may be partly covered by sediment (Ryan et al., 2007). In addition, because the
boundaries between adjacent soft-sediment environments are not always sharp as
those across hard and soft substrate features, the associated boundaries between
biological assemblages may be gradational and spatially complex (Beaman and

Harris, 2007).

Sediment particle size distribution and composition on the seabed express a strong
influence on the morphology and life history of species living in soft sediments
(Jones, 1950). These variables are determined by complex interactions between local
geology, rates of sediment production and supply, actions of bioeroders, current and
wave induced bed stress, and slope (Reineck and Singh, 1980). Generally, in high-
energy areas, coarse sediments (gravel) will predominate, whereas lower energy

(depositional) areas are muddy, although there are exceptions (Foster, 2001; Hart
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and Kench, 2007) which have led to a highly complex and variable distribution of
seabed sediment types on the shelf and slope. Although several sediment surrogacy
relationships are well documented (Brown et al., 2001; Beaman and Harris, 2007;
Degraer et al., 2008), the nature and strength of sedimentary surrogates for species
composition within soft sediment environments remains a subject of debate (Dye
2006; Inoue et al., 2008; Stevens and Connolly, 2004). Soft substrates are home to
epifauna and infauna and plant life may include sea grasses (and their epiphytes) or
microphytic algae occurring at the sediment-water interface. Hard substrates can act

as habitat for epifauna and encrusting or macro-algae, but infauna are excluded.

The most basic way of characterizing any community is by the habitat type and for
benthic community habitat normally means sediment type (Hall, 1994). The
distribution of many of the benthic communities shows a clear correlation with
sediment type. Early studies suggested that macrobenthic communities could be
distinguished on the basis of sediment composition (Thorson, 1957; Buchanan et al.,
1978; van Dalfsen et al., 2000). Other studies, however, have shown little correlation
(Day et al., 1971; Sneiderer and Newell, 1999) and suggested that the distribution of
macrofuana in many sedimentary habitats is controlled by complex interaction
between physical and biological factors at the sediment—water interface, rather than
by the granulometric properties of the sediments themselves (Snelgrove and Butma,
1994). However, density-dependent variables play a minor role in structuring the
macrobenthic communities, which were probably affected more by other variables,
such as the kind of habitat and sediment structure (Mistri et al., 2000). Many

apparent relationships between sediment type and biota remain untested in an
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experimental sense (Whitlatch, 1981) and have been challenged (Snelgrove and

Butman, 1994).

Storms and current eddies may contribute to primary space being made available in a
system in two fashions: increasing sheer stress at the benthos/water interface, which
can remove sediment, algal cover and motile fauna; and mechanical abrasion or
damage caused by moving sediment or projectiles (Sousa, 2001). Benthic organisms
continually process, transport, and modify seafloor bed sediments. There are those
that bind, protect and stabilize near-surface sediment and those that loose and

destabilize the sediment (Nichols and Boon, 1994).

Depending upon its life style, an organism may require a given size range of
sediment for tube building, burrowing or feeding (Wieser, 1959). The feeding type
of the benthic community is considered as an adaptation to the sediment
characteristics (Rosenberg, 1995). Certain mechanisms result in sediment-specific
distribution. One of these is the preferential ingestion or retention of specific grain
sizes during feeding. Adults of a variety of deposit-feeders have been shown to
ingest specific grain sizes of sediments (Whitlatch, 1977; 1980). For instance, newly
settled larvae may be restricted to feeding on the finest material within the bed or on
particular rich food items (Jumars et al., 1990) thus, optimal grain size may be
different for settling larvae and adults. Larger particles may be preferred by larger
organisms within a given species (Whitlatch and Weinberg, 1982 cited in Snelgrove
and Butman, 1994). Some species show little affinity with any one particular

sediment type, and the fauna within different sediment environments invariably
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show some degree of overlap, which might be due to the grain size being a correlate

of the actual causative factor(s) (Snelgrove and Butman, 1994).

Much of the potential food for benthic organisms are located within the upper 2 cm
of the sediment (Whitlatch, 1977, 1980) and most of the organisms produce faecal
pellets that are deposited at or near the sediment surface. This process may result in
a change in the grain size of surface sediments (Hall, 1994). In mud, for instance,
this can result in a pelletised silt-clay matrix. It is therefore, evident that physical
processes impact upon biological features to structure the benthic organisms and its
habitat. Habitat selection based on the availability of a preferred grain size in feeding
Is difficult to conceptualise in view of the ontogenic and hydrodynamic changes in
feeding behaviour and particle selectivity (Snelgrove and Butman, 1994). It has been
suggested that animal and sediment correlation is a result of hydrological and
geological processes associated with sediment granulometry rather than a function of
organism‘s available space within sediment (Parry et al., 1999). Benthic space can
also be made available in the wake of acute pollution events (Scanes et al., 1993),
fishing activity (Currie and Parry, 1996) and eutrophication (Tett et al., 2007), but

the effects tend to be locally focused.

2.5.4 Primary Productivity

Contrary to observed patterns in terrestrial systems (Currie et al., 2004), high
primary productivity in near shore waters tends to promote low species richness
(Snelgrove, 2001) and high evenness (Hillebrand et al., 2007). In these areas, the
role of producer tends to be dominated by a small number of species able to

monopolise resources under ambient conditions. Corresponding benthic communities
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are dominated by the taxa best able to use the associated products (Lenihan and
Micheli, 2001) or withstand periods of anoxia imposed by excess organic input
(Dell'Anno et al., 2002). In contrast, oligotrophic waters are often home to low
biomass assemblages with high species richness, including a large proportion of
endemic taxa (Poore et al., 2008). Coral reefs, areas of high biomass and species
richness occurring in oligotrophic waters, are an exception. The symbiosis between
coral polyps and their resident zooxanthellae allows higher productivity than would
otherwise occur in the ambient conditions and the spatial complexity and diversity of
habitats provided by hard corals competing for space and light promotes a high
corresponding richness of invertebrate and fish life, in turn supporting a rich
community of predators (Cribb et al., 1994). Primary production can be estimated
from satellite or airborne spectral analysis of chlorophyll in surface waters (Parmar
et al., 2006). While productivity is directly linked to marine biodiversity, the

relationship has yet to be fully explored as a predictive surrogate over large scales.

2.5.5 Organic Carbon

Detrital matter derived from primary productivity and the wastes of secondary
production comprise a valuable resource in the photic zone and, excepting
chemosynthetic systems, almost the only energy input to the aphotic zone (Vetter,
1995; Carney, 2005). This material settles in particles of various sizes, among which
larger particles such as faecal pellets (Angel, 1984) and marine snow (Alldredge and
Silver, 1988) are particularly important. It is generally accepted that the flux of
particulate organic carbon (POC) from the euphotic zone controls the biomass and
abundance of deep-sea benthos. This notion was originally based on observations of

high benthic standing-crops beneath productive equatorial and near-shore waters,
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and low standing-crops underlying oligotrophic gyres (Belyayev et al., 1973; Gage
and Tyler, 1991; Rowe et al., 1991; Blake and Hilbig, 1994). However, a direct
coupling between pulse-like sedimentation events and the activity of benthic fauna
has become clear (Aberle and Witte, 2003 and references therein). The detailed
nature of this coupling remains poorly understood because there have been few
studies which combine both types of measurements. One good example is a study by
Smith et al. (1997) in the equatorial Pacific, in which strong and significant
correlations (r>>0.9) were found between both megafaunal (phototransects) and
macrofaunal (enumerated from box core samples) abundances and annual POC

fluxes.

An interesting conclusion from this study was that macrofaunal abundance might
potentially serve as a proxy (i.e., surrogate) for POC flux in low energy abyssal
habitats, implying that the macrofauna themselves are either more widely or more
easily measured than POC fluxes (see also Rowe et al., 1991; Cosson et al., 1997).
The main technique to directly measure POC fluxes is using sediment traps. Seiter et
al. (2005) drew on particle-trap data from 61 locations, and produced a global map
of minimum POC flux to the seafloor which was based on global estimates of
diffusive oxygen uptake. This map, and the global map of total organic carbon
(TOC) concentrations that underpins it (Seiter et al., 2004), may prove useful in
making first order approximations of benthic productivity over broad scales,
assuming that benthic communities are not compromised by sediment de-
oxygenation. Indeed, the relationships between diversity and POC fluxes (or other

productivity proxies) are scale-dependent and may be complicated by other variables
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that influence diversity including bottom-water oxygen concentration, hydrodynamic

regime and the stability of the physical environment (Levin et al., 2001).

Proxies of POC fluxes such as TOC, TOC:TN (total nitrogen) ratios, biochemical
markers and pigments in sediment have proven useful in explaining more localized
patterns of biodiversity. TOC is undoubtedly the most widely measured of these
parameters (Seiter et al., 2005), and, where a consistent and robust method (Galy et
al., 2007) has been applied to its measurement, TOC can be a useful surrogate for
biomass, deposit-feeding taxa, and community structure (Gogina et al., 2010).
However, its application is limited to interpolations from physical samples (Levin
and Gage, 1998) as no remote sensing proxy is available. Moreover, correlations
between TOC and diversity measures are not always found (Cartes et al., 2002)
because a large proportion of TOC in sediment may be refractory and thus resistant
to bacterial degradation. Sediment grain size can also affect the amount of
biologically available organic matter (OM) in shallow soft sediments (Taghon,
1982). Small particles have larger surface area per unit volume than large particles,
offering greater habitat for micro-organisms (Fauchald and Jumars, 1979; Petch,
1986; Neira and Hoepner, 1994) and associated organic matter. Some deposit-
feeding species use size-specific foraging mechanisms to select and ingest fine
sediments (Butman and Grassle, 1992; Sebesvari et al., 2006), but both selective and
non-selective deposit-feeders exhibit settlement preferences for sediments with high
concentrations of readily available organic carbon (Snelgrove and Butman, 1994;

Post et al., 2006).

The organic matter content of bottom sediments may be a more likely causal factor

than sediment grain size in determining infaunal distribution (Snelgrove and
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Butman, 1994). This is because it is a dominant source of food for deposit-feeders
(Pearson and Rosenberg, 1978), indirectly (e.g., through resuspension) for
suspension feeders (Snelgrove and Butman, 1994). The sediment must be considered
as an indicator of the availability of food, and not as a first order factor directly
determining the distribution of feeding types (Snelgrove and Butman, 1994). Nichols
(1970) and Field (1971) have suggested that there is a strong relationship not only
between animal and grain-size distribution but also between animal and organic-
carbon distributions as well. However, a similarity between the type of sediment and
the percentage of organic matter, which have been ascribed to the hydrodynamic

conditions established during heavy rains, has been observed (Estacio et al., 1999).

Several deposit-feeding opportunistic species have been shown to colonize,
preferentially, organic-rich sediments over non-enriched sediments with comparable
grain size in shallow-water (Grassle et al., 1985; Tsutsumi et al., 1990) and in
associated slow water movements (Mistri et al., 2001). Organic matter was also
found to be correlated with annelid distribution (Arvanitidis et al., 1999). Seasonal
variations in particulate organic matter are greatly influenced by monsoonal rains.
Total organic matter levels decrease during the monsoon season as a result of
increase in river discharge and scouring of surface silt and clay and associated
organic matter (Alongi, 1990). The highest concentrations of organic matter in
sediments are in regions of upwelling and in proximity to rivers and more generally,

relate to the patterns of pelagic primary production (Alongi, 1990).

The availability, freshness or quality of organic matter (OM) pertains to the labile

fraction, which consists mainly of lipids, carbohydrates, proteins and nucleic acids
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(Danavaro et al., 1993, 1995, 2001). Several useful biochemical parameters have
been derived to describe the lability of OM (Danavaro et al., 1995; Dauwe et al.,
1999), and some of these have proven useful for explaining different diversity
indices (Cartes et al., 2002). Such measures, however, often require a high degree of
discipline expertise (and advanced techniques), and as such are unlikely to be widely
employed in the capacity of surrogates. However, the Chlorin Index (CI) (Schubert
et al., 2005) is a simple analytic measurement of OM lability, whose reliability has
been demonstrated by comparison to more advanced techniques (e.g., Dauwe Index,
total hydrolysable amino acids, and % R-alanine as non-protein amino-acid, and
sulfate reduction rates) (Schubert et al., 2005). The Chlorin Index (CI) is a measure
of the amount of chlorophyll (and its degradation products) that could be
transformed to phaeophytin, and is expressed as the ratio of the fluorescence
intensity of a sediment sample extracted in acetone and subject to HCI treatment to
that of the original sediment sample (Schubert et al., 2005). Cls have been found to
correlate well with an index of track richness developed from photographic stills of
seabed sediments, which conveyed differences in the diversity of tracks, faecal casts,
burrows and mounds of benthic biota in deep-sea sediments of the Lord Howe Rise
(Dundas and Przeslawski, 2009). Comparison with this index shows a greater
diversity of animal traces, and potentially more metazoan activity, in sediments of
apparently higher food quality. Cls thus show promise as an easily measured
geochemical surrogate of biodiversity for regions where organic loads are not

expected to give rise to significant sediment anoxia.
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2.5.6 General Oceanography

Oceanographers measure and model variables that directly influence the physiology
and behavior of marine organisms (temperature, salinity, pH), variables affecting
productivity (nutrient concentrations, temperature and light intensity: see section
2.5.4 on productivity) and the currents that affect larval distributions. Some factors
such as pH and salinity vary sufficiently over regional and global scales to show
correspondence to biological patterns (Williams and Bax, 2001) but are sufficiently
uniform at a local scale (with the exception of estuarine systems) to preclude their
use in local surrogacy analyses (Bamber et al., 2008). Dissolved oxygen has been
identified as a key predictor of biodiversity in deep sea sediments (Levin and Gage,

1998).

In addition to determining local water properties and delivering food and oxygen,
ocean currents are important to the dispersal of many marine organisms which, in
turn, determines the potential distribution of many benthic taxa. Most larvae and
algal propagules spend their early development adrift and must attempt to settle
where the prevailing currents take them. With larval periods ranging from hours
(e.g., tropical ascidians in Cloney et al., 2006) to four and a half years (e.g.,
gastropod of the Tropical Atlantic Ocean in Strathmann and Strathmann, 2007), the
scope for currents to act as a surrogate for potential richness is substantial where
both life histories and water movements are well known. The relative rarity of long
larval life histories make local currents (~tens of kilometers) more important than
regional currents in determining benthic larval supply (Palumbi, 2001), but even
groups with well-known life histories have frustrated attempts to predict geographic

assemblies (Shulman and Bermingham, 1995). Stevens and Connolly (2004)
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considered local scale current speed as an abiotic variable in their assessment of
surrogates in Moreton Bay, Australia, but found its predictive capacity negligible. In
addition to understanding larval supply patterns, the proximity of any given sample
to diversity hotspots must be taken into consideration (Bellwood et al., 2005).
Further information on biodiversity patterns as they relate to oceanographic variables

can be found in reviews by Hall (1994), Wolanski (2001), and Levin et al. (2001).

2.5.7 The Guinea Current Ecosystem

The oceanography of the Guinea Current Ecosystem (GCE) is dominated by the
Guinea Current (GC), but also the Benguela Current (South Equatorial), the Canary
(Counter Equitorial) play important roles in the regional oceanography that influence
coastal upwelling. The GCE and adjacent areas of the eastern tropical Atlantic,
bounded to the north by the Canary Current (CC) coastal upwelling region and to the
south by the Benguela Current (BC) coastal upwelling region, are affected by five
major basin-wide wind-driven cells of ocean circulation (Longhurst, 1962). These
are the North Atlantic Subtropical (NAS), North Equatorial Cyclonic (NEC),
Equatorial Anticyclonic (EA), and South Equatorial Cyclonic (SEC) gyres (Henin et
al., 1986). The circulation cells are formed due to latitudinal variations in the wind
stress that is due to the existence of the subtropical anticyclones and Intertropical
Convergence Zone (ITCZ), which separates the belts of the northeast and southwest

trade winds.

The major surface currents forming the peripheries of the gyres are the North
Equatorial Current (NEC), South Equatorial Current (SEC), North Equatorial

Counter Current (NECC), South Equatorial Counter Current (SECC), GC, and
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Angola Current (Moroshkin et al., 1970; Stramma and Schott 1999). Other current
systems that may affect near surface circulation in the region are the equator-ward
CC feeding the NEC in the north and the BC feeding the SEC in the south (Arnault,
1987). The NEC, SEC, NECC, and SECC are the westward and eastward cross-basin
flows while the CC, GC, AC, and BC form the system of the tropical eastern

boundary currents (Richardson and Walsh, 1986).

Three narrow coastal sedimentary basins, with a few volcanic intrusions and
outcrops of hard rock forming the major capes, have developed on the edges of the
coastline along the GCE: from north to south, they include the Cote d’Ivoire basin,
the Niger basin (Delta) and the coastal basins from Gabon to Angola (Allen and
Wells, 1962, Quelennec,1984). The Volta, Niger and Congo basins dominate the
coastal geology of the GCE. The continental shelf widens towards the east reaching
its widest part of about 90 km off Cape Coast in Ghana. The shelf narrows again
further eastwards between Tema (Ghana) and Lagos (Nigeria). Off Nigeria, the
middle shelf configuration is modified by the Avon, Mahin and Calabar canyons, as
well as pockets of dead Holocene coral banks (Awosika and 1be,1998). East of
Lagos, the shelf widens to about 85 km off the Niger Delta beyond which it narrows
to an average width of 30—40 km. The shelf generally breaks at depths of between

100 and 120m (Awosika and Ibe, 1998).

Generally, the northern subsystem of GCE is thermally unstable and is characterized
by intensive seasonal upwelling (around Cote d’Ivoire—Ghana) while the southern
subsystem is mostly stable depending on nutrient input originating from land

drainage and river flood and oceanic turbulent diffusion, although periodic
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upwellings have been reported (Bakun, 1978; Ukwe, 2003). The GC is a

geostrophically balanced current with isotherms sloping upwards towards the coast

and as the current intensifies, the slope becomes steeper bringing the thermocline

closer to the surface near the coast (Henin et al., 1986).The coastal upwelling and the

boreal summer intensification of the GC are thus related (Philander, 1979)

Although oceanography has been identified as a major driver of benthic biodiversity,

there are limited studies in the GC relating it to biodiversity distribution. Leeuff and

Cosel (1998) in their investigation of the benthic biodiversity pattern across

hydroclimatic conditions in the Tropical eastern Atlantic concluded the following:

D)

iii)

five different hydroclimatic regions existed in the tropical eastern
Atlantic namely: the northern altemance region (Cape Blanc -Cape
Verga), the atypical tropical region (Cape Palmas - border
Benin/Nigeria), the southern altemance region (Cape Lopez - Cape Frio),
all with periodical upwelling of colder water, and two intercalated typical
tropical regions with warm water and reduced salinity.

the faunal richness in the regions with upwelling is higher than in the
typical tropical regions because many benthic species avoid warm and
reduced salinity water;

faunistic exchange and affinity are greater between the upwelling zones
and the areas bordering temperate zones;

the cold regions are also more similar in faunal composition;

benthic communities in both tropical and temperate eastern Atlantic are

not fundamentally different;



Vi)

vii)

67

species diversity of benthic invertebrates in tropical West Africa is about
the same order of magnitude as in Europe and the Mediterranean; and

hydro-climatic conditions do not favor the establishment of stenohaline
and stenotherm fauna in West Africa. Loeuff and Zabi (2002) also
demonstrated the existence of major types of faunal bionomic variations
at different spatial and temporal scales in benthic ecosystem of tropical

Atlantic coast of Africa.
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CHAPTER THREE

MACROBENTHIC FUNCTIONAL TRAIT DIVERSITY AND COMMUNITY

STRUCTURE ALONG ENVIRONMENTAL GRADIENT

3.1 Introduction

The distribution of species and species’ traits across environmental gradients can
provide an understanding of how assemblages that differ in diversity are composed
and their relative selection pressures (McGill et al., 2006). Comparing assemblages
at local scales can often yield more insights into processes that drive diversity
compared to global or regional scales (Gaston, 2000). However, a challenge to
understanding various local processes is the comparison of assemblages with
differing abundances in space and time, different histories (Underwood and Petraitis,
1993) and differing climatic and environmental settings. One approach for
comparing diversity is to compare the spatial distributions of species at different
geographic localities to look for generalities in community composition or habitat
use (MacArthur, 1972; Warwick and Ruswahyuni, 1987, Thrush et al., 2005). Many
of these approaches have been employed in most terrestrial ecosystems with the

marine counterparts lagging behind.

The marine ecosystems are composed of three units: (i) the physical environment
(e.g. seabed structure, sediment composition, waves, currents and water
temperature), (ii) the chemical environment (e.g. substances such as carbon, oxygen,
nitrogen and phosphorus and properties such as salinity and pH) and (iii) the biotic

environment (the assemblages of living organisms present in the system, ranging
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from micro-organisms up to macroalgae, large marine mammals and humans)
(Bremner, 2005). Recent evidence suggests that environmental conditions are
intricately linked to biological traits, and hence ecological functioning (Bremner,
2006). Environmental conditions are all the things outside an organism that affect it
but, in contrast to resources, are not consumed by it (Begon et al., 1990). The
environment of an organism consists of all those phenomena outside an organism
that influence it, whether those factors are physical (abiotic) or are other organisms
(biotic) (OIff et al., 2009). Increasing moderation in environmental conditions leads
to increased abundances, more complex trophic structure, and increased influence of

species interactions on structure (Menge, 2000; Menge and Branch, 2001).

The main environmental gradients that have been associated with variation in species
diversity are energy-related variables (i.e., temperature), precipitation, productivity
and habitat heterogeneity (Currie, 1991; Rahbek and Graves, 2001; Hawkins et al.,
2003). Models which have been suggested for understanding community dynamics

[3

include ‘‘environmental stress models’” and either ‘‘nutrient/productivity models’’
or the ‘“food chain dynamics hypothesis’” (Connell, 1975; Oksanen et al., 1981,
Fretwell, 1987; Menge and Olson, 1990; Menge, 2000). Environmental stress models
assume that community structure results from species interactions and disturbances,
and how these are modified by underlying gradients of environmental stress (where

stress is a consequence of environmental conditions such as temperature, moisture,

salinity, etc.) (Menge et al., 2002).

The two models postulate that communities can be ordered along environmental

gradient. McGill et al. (2006) argued that general principle in community ecology
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may not be achieved if research continues to focus on pair-wise species interactions
independent of the environment. They suggested four research themes: functional
traits, environmental gradients, interactions milieu and performance currencies, in
order to bring general patterns to community ecology. Relatively few studies have
explicitly incorporated structuring abiotic (environmental gradient) and biotic
(movement, dispersal) features that are key to species co-existence and vital for the
maintenance of species diversity (Loreau et al., 2003). The number of species in a
community are influenced by a variety of factors (e.g., physical stress, nutrient
availability, consumer pressure, habitat destruction), which result in non-random

diversity gradient in natural habitats (Zavaleta, 2004; Srivastava and Vellend, 2005).

From a theoretical point of view, functional diversity decreases with increasing
environmental constraints or stress (Mouillot et al., 2006). When environmental
constraints increase, coexisting species are more likely to be similar to one another
because environmental conditions (i.e., abiotic properties of the habitat) act as a
filter, allowing only a narrow spectrum of species to survive. The species that make
it through the environmental filters are likely to share many biological/ecological
characteristics through the niche filtering concept (Franzen, 2004; Statzner et al.,
2004). More precisely, environmental factors could limit the presence of certain
functional traits at certain sites and thus decrease functional diversity of local
communities in sites under environmental pressure such as confined parts in lagoons

(Mouillot et al., 2006).

Global species distributions are generally believed to be determined by abiotic

influences related to oceanographic and physiographic properties (Sanders, 1968;
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Richlefs and Schluter, 1993). For instance, water motion affects biology by acting as
a transport mechanism for organisms and their propagules, as a dynamic boundary
between regimes, and as a force to which organisms must adapt or respond, for
example, in their feeding and locomotor activities (Nowell and Jumars, 1984; Denny,
1993). Thus mechanisms of species assemblages depend strongly on various
environmental conditions. However, the variability of species along major
environmental gradients in many components of biodiversity remains poorly

understood.

Nevertheless, environmental conditions and processes that occur at a variety of
spatial scales are critical elements to understand patterns of species assemblages.
Analysis of spatial patterns along environmental gradient at different scales is seen
as a logical requirement to deal with spatial and temporal confounding (Hurlbert,
1984), and provides tests for generality of models of species assemblages. There are
limited studies that have tested the consistency of patterns along sharp environmental
gradients at hierarchies of spatial scales (e.g., Benedetti-Cecchi, 2001). A better
understanding of the role played by abiotic factors is a key prerequisite for
forecasting the effects of shifts in environmental conditions on species diversity (or
species traits), as a result of human pressure, and for setting up adequate policies for

marine conservation and management (Terlizzi and Schiel, 2009).

The use of traits to predict functional response to environmental change has
developed rapidly over the last two decades (Grime et al., 1988; Woodward and
Diament, 1991; Chapin et al., 1993; Mclntyre et al., 1995; Gitay and Noble, 1997,
Poff, 1997; Purvis et al., 2000), including studies on traits related to the probability

of extinction (e.g. Davies et al., 2000; Williams et al., 2005) and invasion (e.g.
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Grotkopp et al., 2002; Hamilton et al., 2005; Olden et al., 2006). The community
assemblage that will affect ecosystem properties is the result of sorting processes
among individuals with appropriate response traits (Weiher et al., 1998; Grime,
2006). These response traits may encompass response to environmental change,
directly and response through compensatory dynamics due to consequent changes in
species interactions. The altered community will impact ecosystem processes via
changes in the representation of ecosystem-effect traits. Suites of effect on traits are
often reliable predictors of ecosystem function (Chapin et al., 1996; Diaz and
Cabido, 2001; Garnier et al., 2004) across a wide range of ecosystem types (Grime et
al., 1997; Reich et al., 2003; Diaz et al., 2004; Kremen, 2005), and understanding of
how traits affect various ecosystem properties is a currently growing area of research

(Suding et al., 2008).

The species trait diversity effects on ecosystem processes are the degree to which
abiotic conditions constrain the functional variations within communities that
influence the processes within the system (Hopper et al., 2002). Consequently,
merging our understanding of ecosystem level controls with our understanding of
community dynamics and assembly is an important focus of future study (Thompson
et al., 2001). Functional diversity is increasingly used to understand the biodiversity-
environment relation and biodiversity-ecosystem functioning and to decipher the

effect of anthropogenic activities on ecosystem (Dimitriadis and Koutsoubas, 2011).

Studies using functional traits to test the strength of different processes of
community assembly often find that habitat filtering plays a key role in the

communities’ formation (Paine et al., 2011; Katabuchi et al., 2012; Shipley et al.,
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2012). However, it is important to recognize that in many cases there is also
evidence that in varying degrees, other processes (e.g. limiting similarity, dispersal
limitation) play a role in the formation of the community structure (Cornwell and

Ackerly 2009; Katabuchi et al., 2012; Shipley et al., 2012).

There has been an overall lack of studies accounting for the fact that communities
assemble across environmental gradients (McGill et al., 2006). This chapter of the
thesis focuses on quantifying assemblage patterns of functional traits and assesseses
whether those patterns are the results of gradient in abiotic factors. The study
hypothesizes that multiple functional traits influence macrobenthic community
structure, and that traits relating to primary strategy or ‘ecological syndrome’ (sets of
traits that are collectively associated with adaptation to particular environment
change (or gradient) (see Grime, 2001; Lavorel et al., 2007), will be similar among
species; and also, the dominant traits exert the strongest control on ecosystem

processes.
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3.2  Materials and Methods

3.2.1 Study Area

The study locality is within the Guinea Current Large Marine Ecosystem (GCLME)
which borders 16 countries from Bissagos Island in Guinea Bissau to Angola in
Western Africa. It is number 28 of the 66 globally delineated large marine
ecosystems (LMEs) (I0C, 2013). The sampling extended from Bissagos Island to

Cape Lopex in Gabon and comprised of 11 countries (Figs. 2.3 and 3.1).

The GCLME is characterized by distinctive bathymetry, hydrography, chemistry and
trophodynamics. The Guinea Current System represents a Large Marine Ecosystem
(LME) ranked among the five most productive coastal and offshore waters in the
world with rich fishery resources, oil and gas reserves, precious minerals, a high
potential for tourism and serves as an important reservoir of marine biological

diversity of global significance (Sherman, 1993; Ukwe, 2003).

3.2.2 Field Sampling

Soft-bottom macrobenthic fauna samples were collected in replicate from the
Bissagos Island (Guinea Bissau) in the north to Cape Lopez (Gabon) in the south of
the GCLME onboard RV Fritdjorf Nansen as part of the GCLME fisheries resource
survey from May to July 2007. In all four stations were sampled for sediment in each
of the GCLME country, using a van Veen grab of surface area of 0.1m? . At each
station, two replicate sediment samples were in order to ensure sample

representativeness due to the patchiness in the macrobenthic community.

The sediment samples were washed through a 0.5 mm mesh size sieve using filtered

seawater.
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The retained samples on the sieve were transferred in turns into inner and outer-
labeled wide neck plastic sample holding containers and fixed with borax pre-
buffered with 10% formaldehyde solution for taxonomic identification in the
laboratory. The labeling followed a format of the station name and number (i.e.
country first 2 initial letters), date, replicate type, and fixative used (e.g. GB-03,
08/05/06, 1/3, Formalin). Each grab sample was evaluated on suitability of
acceptance as good grab sample. For instance, an acceptable grab sample has the top
layer of the sediment intact and not disturbed and also if +51% of the sample were

retrieved from the grab (Holme and Mclintyre, 1971; Eleftheriou and Holme, 1984).

The top 2cm of each sediment sample was sub-sampled for physical and chemical
analyses. This was done using a 2 cm deep Kynar-coated scoop and placed into
separate jars as follows:

e 500 ml container for organic carbon content analysis (samples were frozen);
e 250 ml container for chemical analyses (samples were frozen);

e ziplock bag for grain size analyses.

3.2.3 Field Quality Control
Basic quality control measures were followed for sediment macro-infauna sampling.

These measures were based on internationally accepted Standard Operation
Procedures (SOPs) in benthic sampling to ensure quality of the information gathered
(Holme and Mclintyre, 1971; Eleftheriou and Holme, 1984; ASTM, 2006). Among
others, the following field quality control procedures and measures were observed:

e Sediment samples collected at each station were ensured that they meet

international sample acceptance criteria. These include:



79

o Incomplete closure of grab
o Inadequate sediment samples
o Lack of surficial water
e Only experienced persons assisted with the sediment sampling, sieving,
fixation and preservation.
e Sediment was sieved with gentle flowing water hose to avoid squashing of
organisms.
e All sieves were backwashed into storage containers after sieving to ensure
that organisms at the crevices of the sieve are removed.
e Chemicals solutions such as formalin and ethanol for fixation and
preservation respectively were carefully and properly prepared.
e Injurious and harmful chemicals were adequately labelled and stored in

appropriate cabinet.

3.2.4 Laboratory Processing of Samples

The processing and analyses of samples were performed in the Department of
Fisheries and Marine Science , University of Ghana laboratory for the sediment biota
and the activities included sorting of organisms (picking target organisms from the
sediment grains), preservation and taxonomic identification. For the abiotic
component both physical and chemical analyses were carried out on the sediment

samples and these are described in section 3.4.

The sample sorting involved emptying the contents of the fixed samples into 0.5 mm
mesh sieves and thoroughly washing with fresh water to get rid of all silt/clay

particles, as well as the formaldehyde fixative. The samples were then put into a tray
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with a white background and macrobenthic faunal organisms sorted into preservation
vials containing 70% ethanol premixed with glycerol to prevent evaporation of the

ethanol.

3.2.4.1 Taxonomic Identification

The preserved organisms were put into petri dishes and identified to the lowest
taxonomic units as possible using Leica 2000 dissecting and compound microscopes.
Enumeration of individual species was carried out after the identification. Various
taxonomic guides were used in the species identification including Day, (1967ab);
LeLceuff and Intes, (1974); Fauchald, (1977); Edmunds, (1978); Intes and Leeuff

(1984); Kirkegaard, (1988); Cosel, (2006) and Rakel, (2007).

With regards to taxonomic identification, quality assurance measures were observed
in the laboratory to ensure that the quality and the integrity of the data from the
laboratory processes were not compromised. The following procedures were used.

e Each sorted sample was crosschecked by other benthic expert to ensure that
all organisms had been picked before sample was discarded.

e Species identification was verified independently by a colleague expert.

e Unidentified species were assigned the genus name followed by 'sp.’ (if only
one species, e.g. Glycera sp.) or 'spp.' (i.e. more than one species, e.g. Eunice
spp.) and put separately into vials for later identification.

e Organisms preserved in vials were annotated with relevant information on
non-wettable sheets.

e Data entering into computers were verified by another person to avoid wrong

entering.
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3.2.4.2 Laboratory Analysis of Abiotic Data
The abiotic data collected were physical (grains size), and chemical (total organic
carbon, nutrients [i.e. nitrate, phosphate], calcium, sodium, potassium and

magnesium).

3.2.4.3 Analyses of Physical Parameters

Prior to the sediment grain size fraction analysis, the sediment samples were air-
dried, sieved through 200 mm mesh size sieve. The Bouyoucos Methods
(Bouyoucous, 1934) was used for the grain-size analysis. The method is based on the
principle that sediment particles were expected to settle in water at a speed directly
related to the square of their diameter and inversely related to the viscosity of the
water. As regards the Bouyoucous Method, forty grams (40 g) of the air-dried,
homogenized and sieved samples were transferred into polyethylene containers and
then 100 ml of calgon solution was added to disperse the particles. The solution was
stirred on a mechanical shaker for 90 minutes and then transferred into a

sedimentation cylinder after sieving through 45 pm.

The retained sand fraction was put in a moisturizing container and 5ml of hydrogen
peroxide was added to dissolve any organic matter present. The sample was oven
dried overnight at a temperature of 105° C, each sample was weighed afterwards.
The suspension was poured into a cylinder and made up to the 1 litre mark with
distilled water. The sediment particles were thoroughly stirred with a hand stirrer and
after five hours a hydrometer was carefully inserted into the suspensions and the
readings were taken. The hydrometer readings for a blank were also taken. This was

subtracted from the original hydrometer readings to give the actual weight of the
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clay fractions. The weights of both the clay and sand fractions were calculated in
terms of percentages with respect to the initial weight taken, and the sum of their

combined weight was subtracted from 100 to give the percentage weight of the silt.

3.2.4.4 Chemical Analysis

Total Organic Carbon

The organic carbon content determination was carried out at the Ecological
Laboratory of the University of Ghana using the ELTRA 5500 C-S determinator.
The samples were pretreated with 10% hydrochloric acid to remove the inorganic
carbonates. The sediment samples were oven-dried at 60°C for 12 hours to get rid of
the moisture. The samples were then weighed individually and transferred into a
weighing boat of size 1.5 x 0.15 cm. The samples were then sent into an ELTRA
C5500 C-S determinator, with a furnace combustion temperature of about 1100°C.
After the combustion the percent organic carbon of the samples were determined and

recorded.

Sediment Nutrient Determination

Five grams (5 g) of each sediment sample was weighed into a beaker and 0.75M KCI
solution was added for extraction, after which the samples were shaken vigorously
for 1 hour. The resultant solution was filtered and 25ml of it taken for analysis of
nitrate and using the HACH DR/2010 Spectrophotometer following the methods in
APHA. et al, (1998). However, for phosphate analysis the EDTA method

(Golterman, 1996) was used for the P-extraction.
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Elemental Analysis

The sediments were first dried to get rid of excess water and later oven-dried at a
temperature of 50°C to attain a constant mass. Sediments were then pounded into
powder form using a mortar and pestle. They were later passed through a 63um sieve
(silt fraction) and later kept in labeled transparent polythene bags for analysis. One
hundred milligrams (100 mg) of each sample was enveloped via thermal sealing
inside 5x5 cm? polyethylene thin film, which was heat-sealed in 8.9 cm?® rabbit
capsule for irradiation. Initially, the polyethylene film and rabbit capsules were
cleaned by soaking them into dilute nitric acid for three days and washed with de-

ionized water.

The sediment samples were analyzed by Instrumental Neutron Activation Analysis
(INAA). The neutron flux used for the irradiation was approximately 5.0-10* ncm™
25, The samples were sent into the Miniature Neutron Source Reactor (MNSR) by
means of a pneumatic transfer system operating at a pressure of 25 atmospheres. The
scheme of the irradiation was chosen so as to take into account the half-lives of the
radionuclides under investigation. In that regard, the following irradiation times were
selected: 10 seconds for the short-lived radionuclides; 3600 seconds for the
intermediate radionuclides; and 14400 seconds for long-lived elements.

After a short decay period the activity of the gamma-ray emitting radionuclides with
short and medium half-lives were measured. The measurements of the gamma-ray
spectral intensities were made using a spectroscopy system of high purity
germanium (HPGe) N-type coaxial detector Model GR 2518; high voltage power
supply Model 3105; and a spectroscopy amplifier Model 2020 (all manufactured by
Canberra Industries, Inc.). The detector system at fixed geometry was coupled to an

8k Ortec multichannel analyzer (MCA) emulation card and a 486 microcomputer.
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The resolution of the detector system which operates at a bias voltage of —3000 V
full width at half maximum (FWHM) was 1.8 keV for ®°Co 1332 keV gamma-ray

with 25% relative efficiency.

The output spectral intensities of both the analytical samples and the standards were
processed and stored in the microcomputer software by means of the MCA card.
Qualitative analysis of the radioisotopes was achieved by means of identifying their
spectral intensities. The evaluations of the areas through integration under the photo
peaks of the identified elements were converted into their concentrations using the

comparator method (Dampare et al., 2005).

3.2.5 Functional Trait Analysis

The statistical analyses of the data was preceded by functional trait categorization as
described in the ensuing sections. The macrobenthic fauna species were categorized
using biological traits. The selection of biological traits and their categorization was
dictated by i) available information, ii) ecological functions and iii) perceived
sensitivities to environmental disturbance. The selected biological traits reflect
morphology (e.g. body size and form) and behaviour (adult mobility, sociability and
feeding habit). Some of these traits directly reflect ecological functions (e.g. food
and feeding habits), whereas others are indirect indicators. For example, body size
indicates the ratio of production/biomass and of production/respiration, beacuase for
invertebrate populations in most aquatic systems, the ratios of production/biomass
and of production/respiration are closely related to the maximum size achieved by
the different taxa (Statzner, 1987). Size also has implications for many other

ecological functions and considered to be an important trait of organisms because it
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correlates with many aspects of its biology (e.g. metabolism, growth and
reproduction) (Calder, 1984). The selected biological traits were further divided into

categories as indicated in Table 3.1.



Table 3.1 Biological traits categorization

umbers | A0ULE00Y | ASIEMODI | g ey | SN0 | oy AcBocy
1 0.5-20mm Sessile Deposit-feeding Mandible Solitary Vermiform
2 20.5-40mm Crawl Filter/suspension Jaw Gregarious Cylindrical
3 40.5-60mm Burrow Opportunist/scavenger Proboscis Colonial Slender
4 60.5-80mm Swim Predator Palp Commensal Flattened
5 80.5-100mm Creep Herbivore Pharyngeal Elongated
6 >120mm Glide Omnivore Tentacle Tapered

86
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3.2.5.1 Ecological and Biological Traits

Characteristics describing living modes of the organisms were classified in the
ecological traits. These traits have a strong effect on ecosystem functioning and
occur in most of the macrobenthic organisms. Mobility was described in the scale of
the capacity of the organisms to move in and outside of the sediment. Semi-mobile
organisms have the ability to move but they do so only if necessary and usually very
slowly. Mobility is an important ecological trait because it affects the capture
method of prey organisms or other food resources and defines the trophic

relationships of a benthic community.

The chosen morphological traits are important indicators of sediment condition
(sediment type and organic loading concentration). The average weight of an adult
individual was used to assign the organisms to the body size categories. The second
characteristic of the morphological traits was the body form. The attribute “shell”
describes all the organisms having external protecting structures while vermiform are
considered all the worm-like organisms with or without segmentation (length=*

width) (Papageorgiou et al., 2009).

3.2.5.2 Functional Trait Classification and Categorization

For every species, information was assigned in each trait catogory. The data on the
species traits was gathered from a variety of literature and internet sources. The
functional composition of the samples was determined using biological
(morphological) and ecological traits based on the fact that traits that affect resources

use (e.g., energy and nutrients), feeding interactions, habitats modification
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(bioturbation and habitat providers) are recognized for their functional importance
(Pearson, 2001; Meysman et al., 2006; Hastings et al., 2007) and are wide ranging
(Bremner, 2008). As a result, six biological and ecological traits were used in the
functional classification analysis. These described the morphology and behaviour of
the macrobenthic invertebrates, reflecting their involvement in ecosystem processes
and perceived sensitivities to environmental disturbance (see Snelgrove et al., 1997;
Jennings and Kaiser, 1998; Bolam et al., 2002; Coleman and Williams, 2002; Thrush
and Dayton, 2002). Each of the six traits were sub-divided into categories, for
example the trait ‘feeding habit’ contained the categories deposit-feeder,
filter/suspension feeder, opportunist/scavenger and predator (Table 3.1). As a result,
each species at each sampled station was assigned its biological and ecological traits
(see Appendices | & 1), and the total traits were determined for each station under
each of the selected trait in Table 3.1. Further, statistical analyses of the traits and

their categorization were carried out as described in section 3.3.

The selected traits are likely to bring out the effect and response to environmental
drivers. For instance traits such as adult size is likely to change with severity of
disturbance (Pearson and Rosenberg, 1978), feeding type of the species determine its
ability to utilize/tolerate a new diet (Fauchald and Jumars, 1979). Mobility and and
sociability can be related to recovery patterns and resilience to disturbance (Thrush
and Whitlatch, 2001). Size and living habits indicate the ability to rework the
sdiment affecting sediment biogeochemistry (Michaud et al., 2006) providing a link

to ecosytem function.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6W87-4HDG9M4-1&_user=5890427&_coverDate=08%2F31%2F2006&_rdoc=1&_fmt=full&_orig=article&_cdi=6647&_docanchor=&_acct=C000068780&_version=1&_urlVersion=0&_userid=5890427&md5=7d7b2698c5999c78710435ce71cc4568#tbl1
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3.3  Statistical Analysis

The data sets were analysed using suites of univariate and multivariate statistics.
Basic statistics of the species abundance were calculated as well as distributional
trends of the major macrobenthic taxa and dominant functional traits across the
sampled stations. Macrobenthic species abundance data were grouped into major
taxa namely polychaeta, mollusca, crustacea, echinodermata and ‘Others’. Wet-

weight biomass of these major taxa were determined across the stations.

The frequency of occurrence of the data sets (taxonomic diversity and functional
richness) were calculated using the F index described by Guille (1970):

F=p./P x 100 (1)
where: p,, is the number of stations where the species occurred and P is the total
number of stations. Using this formula the species (and also functional traits) data
were classified as: constant (F>50%), common (10%<F<49%) and rare species or
traits (F<10%). The data sets were refined and all the rare taxonomic species and
functional traits (F<10%) were eliminated from the data sets as they could
potentially introduce ‘noise’ in the statistical analyses. In certain instances, only
data for constant taxonomic species and functional traits were used in the statistical

analyses. These have been indicated in the appropriate sections of the thesis.

For multivariate analysis, dendrograms of Bray-Curtis similarity index of the
composite station data for the GCLME countries were calculated for taxonomic
species abundance and fucntional trait richness using the PRIMER v6 package
(Clarke and Gorley, 2006). The data sets were first fourth-root transformed to

stabilize and normalize the variance (Clarke and Green, 1988). Using a complete
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linkage, sample (country and biological traits) classifications were produced and
thereafter samples (i.e., countries and traits) related to each other identified based on
the resulting similarity matrix. The differences in the samples (i.e., GCLME

countries ) were assessed with one-way ANOSIM (Clarke and Warwick, 1994).

In order to demonstrate the most important abiotic variables related to assemblage
patterns of the taxonomic and functional traits, various statistical tools were
employed. Forward selection in a Canonical Correspondence Analysis (CCA) and
Redundancy Analysis (RDA) ordinations in the CANOCO package and rank
correlations between cluster matrix with the program BIO-ENV (Clarke and
Ainsworth, 1993) in the PRIMER package and Multiple Linear Regression Analysis

(MLRA) were utilized.

In the CCA and RDA analyses, the proportion of the total faunal variance (= sum of
all eigenvalues, called total inertia in CANOCO) which can be accounted for by the
environmental variables can be estimated as the ratio of eigenvalues of constrained
versus unconstrained axes. From this ratio, the percentage value which indicates the
percentage explanation of each separate environmental variable to the total fauna
and trait variance was calculated. Constrained axes are constructed to maximise the
fit with linear combinations of environmental variables, and remaining,
unconstrained axes represent a residual variation in data after extracting the

constrained axes.

For the functional trait data, the RDA was performed (Ter Braak, 1986) for only

identified dominant functional trait data (the identified dominant trait contributed
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35.6% and their selection as dominant traits was based on the F index, i.e., F>85%)
(Guille, 1970) and trait richness >4%. This technique ensured that rare traits and/or
traits with low spatial occurrence and contribution were eliminated so that the
analysis was refined and ‘noisy’ data were not included. It is the author’s view
that functional traits (or taxonomic species) with the highest spatial coverage
(based on the F-index) possess valuable ecological information, having adapted
naturally possibly through ecological filtering to the varied environmental
gradient, are key in unearthing the main environmental drivers of community

assemblages.

The RDA was run using the package CANOCO 4.5 (Ter Braak and Smilauer,
2002), which combines both ordination and regression to ascertain relationships
between species (and also species traits) and environmental variables (Ter Braak,
1986). None of the environmental variables utilized reported inflation factor >20
(Ter Braak and Smilauer, 2002) and as a result none was eliminated from the
RDA and CCA analyses. All the environmental variables used for the analysis
were transformed (Log (x + 1)) to stabilize and normalize the variance. In the RDA
biplot, the first and second axes represent the most important environmental
gradient along which the macrobenthic functional traits are linearly distributed. The
direction of each environmental vector represents the maximum rate of change for
that particular environmental variable and its length indicates the relative

importance to the ordination.

The significance of all primary RDA axes was determined by a Monte Carlo

permutation test (199 permutations) of the eigenvalues (Ter Braak and Smilauer,
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2002). A forward selection procedure ordered the environmental variables according
to the amount of variance they captured in the trait data (Ter Braak and Verdonschot,
1995). In the first step of this method, all environmental variables were ranked on the
basis of the fit for each separate variable. Each variable was treated as the sole
predictor variable and all other variables were ignored; hence, the variance explained
represents marginal effects. At the end of the first step of the forward selection, the
best variable was selected. Hereafter, all remaining environmental variables were
ranked on the basis of the fit (amount of variance explained) that each separate
variable gave in conjunction with the variable(s) (covariables) already selected
(conditional or unique effects). At each step, the statistical significance of the variable
added was tested using a Monte Carlo permutation test (199 unrestricted
permutations) (Ter Braak and Smilauer, 1998). This description of RDA is similar to
the CCA used for the taxonomic species and functional trait data sets except that the
RDA is a linear ordination whilst CCA is unimodal (weighted averaging).

Bio-Env analysis was the second method used for extracting important explanatory
variables from the taxonomic species and functional traits data. This harmonic
analysis uses a weighted Spearman’s rank correlation between the resulting ranked
similarity matrices which underlie the MDS ordinations (or the dendrogram) of
species or traits and correlation-based. The variable or combinations of variables
which give the highest correlation coefficient is assumed to be the most important

explanatory vanable(s).

In order to confirm the explanatory variables and develop a simple model, the
taxonomic species and functional traits data were subjected to step-wise linear

multiple regression analysis. The analysis not only select the best explanatory
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environmental variable to the dependent variable (ie., species diversity, functional
richness, and dominant functional traits) but also create a signifcant predictive model

of the dependent variables.
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3.4 RESULTS

3.4.1 Macrobenthic Fauna Community Structure

The analysis of the taxa resulted in a numerical abundance of 3,048 individuals
(mean density = 693+579 indi/m?) comprising 381 species that belong to five major
taxonomic groups namely: Polychaeta, Crustacea, Mollusca, Echinodermata and
‘Others’. Of the total numerical abundance, polychaetes contributed 55.15%,
crustaceans accounted for 28.02%; 12.76% was contributed by species placed in
“Others” category, while molluscs and echinoderms accounted for 2.23% and 1.84%
respectively (Table 3.2). Species placed in ‘Others’ category included cnidarians,

sponges, sipunculids etc.

In terms of number of species, polychaetes comprised 233 species (61.32%),
crustaceans consisted 71 species (18.64%), 35 species (9.19%) were molluscs,
whereas echinoderms and “others” category constituted 10 (2.63%) and 32 (8.39%)
species respectively. Polychaetes taxa contributed substantially and ranked highest in
terms of species richness and numerical abundance among the major macrobenthic
taxa in the study area. Crustaceans ranked second highest in terms of species
richness and numerical abundance. The dominant polychaete and crustacean species
could constitute important food resources for many commercially important

demersal fish species.
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Table 3.2 Abundance and richness of major macrobenthic faunal groups.

Taxa No. of Species Abundance Abundance (%)
(No. of indi.)
Polychaeta 233 1681 55.15
Crustacea 71 854 28.02
Mollusca 35 68 2.23
Echinodermata 10 56 1.84
Others 32 389 12.76
Total 380 3048 100

The distribution pattern of these macrobenthic fauna may therefore determine the
abundance of demersal fish stocks on the continental shelves of the GCLME as the
fish prey on these. The spatial pattern of all the major macrobenthic faunal taxa is
shown in Figures 3.2-3.13. The distribution pattern generally depicts two abundance
peaks especially for polychaetes, crustaceans and molluscs (Fig. 3.2). The lowest
abundances were noted from Guinea Bissau to Sierra Leone, with Guinea being
exception, while the highest abundances occurred in the central sections from Ghana
to Benin. Cameroon and Gabon recorded the lowest numerical abundance (Fig. 3.2).
The highest abundance of echinoderms occurred at Guinea Bissau (Fig. 3.2) but with
low species richness (Fig. 3.3) depicting dominance of few species, which could
suggest conditions tolerable to few species. The highest crustacean abundance and
richness was noted at Guinea (Figs. 3.2 and 3.3). Nonetheless, the composite
abundance and richness data indicated that Togo, Benin and Ghana, and Guinea
ranked highest. The composite data indicated considerable differences in species
abundances and richness in Togo, Benin, Ghana and Guinea with the other GCLME

countries (Figs. 3.2 and 3.3).
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Figure 3.2 Spatial distribution of major macrobenthic fauna abundance on the continental shelves of the GCLME countries. See
Table 3.3 for the codes used on the x-axis.
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Figure 3.3 Spatial distribution of number of species (species richness) across continental shelf of the GCLME countries. See Table
3.3 for the codes used on the x-axis
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3.4.2 Macrobenthic Faunistic Density

The total densities for the respective countries are presented in Table 3.3. The overall
total density for the study area was 9,525 indi/m? (mean density = 865.9+723.2
indi/m?. The highest densities were sequentially observed with polychaetes,
crustaceans, ‘other’ taxa, molluscs and echinoderms, which are consistent with the
pattern of the species abundance data. The densities of polychaetes, crustaceans and
molluscs across the GCLME countries showed similar patterns to that of the species
abundance (Figure 3.2). The patterns indicated two peaks and troughs. The highest
densites occurred between Ghana and Benin, followed by Guinea Bissau to Sierra
Leone, whiles lowest densities were noted between Liberia-Cote d’Ivoire, and

Cameroon-Gabon



Table 3.3 Densities (Ind./m?) of major macrobenthic faunal groups in the continental shelves of countries bordering the GCLME.

Country Country Polychaeta Crustacea Mollusca Echinodermata ‘Others’ Total
ID

Guinea Bissau GB 647 138 13 50 3 850
Guinea GU 628 791 13 16 91 1538
Sierra Leone SL 481 194 6 22 16 719
Liberia LI 134 25 8 19 19 200
Cote d’Ivoire CD 241 25 0 9 31 306
Ghana GH 478 669 34 31 178 1391
Togo TG 1438 391 59 6 313 2206
Benin BN 959 325 50 0 303 1638
Nigeria NG 166 53 28 19 225 491
Cameroon CR 47 22 6 3 19 97

Gabon GA 34 38 0 0 19 91
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3.4.3 Dominant Macrobenthic Taxa

The analysis of frequency of occurrence (F-index) of the 381 identified
macrobenthic faunal species across the 44 sampling locations, indicated that 15
species (contributed 35% to species abundance) occurred in >20% of the sampling
stations. They may constitute cosmopolitan species with greater geographical
coverage and could be excellent biological candidates for monitoring the health of
the GCLME. These species were predominantly polychaetes, however, the highest
occurrence species (59.0%) was noted for a crustacean, Ampelisca spp. The
polychaete with the highest frequency of occurrence was Glycera sp. and Eunice

vittata in that order with 41% and 39% respectively (Table 3.4).

Table 3.4 Frequency of Occurrence for 15 numerical dominant macrobenthic
fauna. For brevity only taxa contributing >20% were selected. P= Polychaete,
C=Crustacean, O= ‘Others’ taxa .

Taxa Frequency of Occurrence (%)
Ampelisca spp. (C) 59.0
Glycera sp.(P) 41.0
Eunice vittata (P) 39.0
Sipunculid spp. (O) 39.0
Lumbrinereis aberrans (P) 32.0
Tanaid spp. (C) 30.0
Mysid sp. (C) 27.0
Armandia intermedia (P) 25.0
Prionospio pinnata (P) 25.0
Scoloplos madagascariensis (P) 25.0
Aricidea fauveli (P) 23.0
Lumbrinereis latrelli (P) 23.0
Lumbrinereis coccinea (P) 23.0
Nepthys lyrochaeta (P) 23.0

Prionospio sexoculata (P) 23.0
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The spatial distribution of the abundance of the 15 most occurred species is
presented as Figure 3.4. A striking feature of the distribution was the high numbers
of Prionospio pinnata (Spionidae) at Guinea Bissau (Fig. 3.4), which also revealed
higher numerical abundance for echinoderm but low taxa richness (Figs. 3.2 and 3.3)
suggesting the existence microhabitats that support certain species. Eunice vittata

(Spionidae) was also highest at Togo followed by Guinea Bissau (Fig. 3.4).

There were numerical dominance of different species across the GCLME countries
suggesting the existence of abiotic gradients supporting organismal life. Ampelisca
spp. for instance ranked highest in Togo followed by Guinea. Ostensibly, the 3 most
occurred crustaceans (Ampelisca spp., Tanaid & mysid) were collectively dominant
numerically in Guinea, which thus rank the country highest in terms of crustacean
abundance. Sipunculid spp. was dominant in Ghana but was visibly absent in Guinea
Bissau, Togo, Benin and Nigeria (Fig. 3.4). The countries with the lowest
representation of these most occurred species were Nigeria, Gabon, Cameroon,

Liberia, Cote d’ Ivoire and to some extent Sierra Leone.
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Figure 3.4 Distribution of abundance of dominant macrobenthic faunal species across GCLME countries using F-index, F>20. Codes on

x-axis are provided in Table 3.3.
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3.4.5 Community Structural Analysis

An agglomerative Bray—Curtis similarity dendrogram of the pooled station species
abundance data to represent countries revealed three significant (p<0.05) groupings
based on the faunistic data (Fig. 3.6). Only Nigeria showed non-significant faunistic
structure with the other countries indicating either unique condition supporting
unique fauna or a stressful ecosystem. The first cluster ground (Group A) comprised
Cameroon, Liberia and Gabon. Cluster Group B is made up countries located at the
western part of the GCLME namely Guinea Bissau, Guinea, Sierra Leone, Cote d’
Ivoire and Ghana. Ghana and Cote d’lvoire formed one sub-group under Group B
just as Guinea Bissau, Guinea and Sierra Leone. The last cluster Group C composed
of Benin and Togo, which showed the highest similarity index of 58%, followed by
Sierra Leone and Guinea at 54%, and together with Guinea Bissau at 47% (Fig. 3.6).
Liberia and Cameroon followed at 43% similarity before Ghana and Cote d’ Ivoire
36%. The pattern shows high degree of spatial differences in the macrobenthic fauna
composition and abundance possibly due to prevailing gradients in environmental

conditions creating varied tolerable regimes for the organisms.

In order to test the level of similarity between the countries, the analysis of simlarity
(ANOSIM) test was run and the results indicated significant differences (p=0.001)
between the countries with the global R=51.2% (Table 3.6). However, the pairwise
test showed non-significant differences (p>0.05) between some countries notably
those bordering the western sections of the GCLME suggesting that the
macrobenthic fauna composition at those countries are relatively similar than the the

central and eastern sections of the GCLME.
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Figure 3.6 Complete-linkage of agglomerative dendrogram of Bray—Curtis similarity
of macrobenthic faunal abundance data for GCLME countries. Thin red lines
indicate significant evidence of structure (SIMPROF test, p<0.05) and thick black
lines indicate no evidence of structure.
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