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Biodiversity’ is one of the most common keywords used in environmental sciences,
spanning from research to management, nature conservation, and consultancy. Despite
this, our understanding of the underlying concepts varies greatly, between and within
disciplines as well as among the scientists themselves. Biodiversity can refer to
descriptions or assessments of the status and condition of all or selected groups of
organisms, from the genetic variability, to the species, populations, communities, and
ecosystems. However, a concept of biodiversity also must encompass understanding
the interactions and functions on all levels from individuals up to the whole ecosystem,
including changes related to natural and anthropogenic environmental pressures.
While biodiversity as such is an abstract and relative concept rooted in the spatial
domain, it is central to most international, European, and national governance initiatives
aimed at protecting the marine environment. These rely on status assessments of
biodiversity which typically require numerical targets and specific reference values,
to allow comparison in space and/or time, often in association with some external
structuring factors such as physical and biogeochemical conditions. Given that our ability
to apply and interpret such assessments requires a solid conceptual understanding of
marine biodiversity, here we define this and show how the abstract concept can and
needs to be interpreted and subsequently applied in biodiversity assessments.

Keywords: conceptual models, marine biodiversity, ecosystems, food-webs, components, assessment

INTRODUCTION

The term “biodiversity”, first used almost three decades ago as a derivative of “biological diversity”
(Wilson, 1985, 1988) today is one of the most often cited terms in both ecological research and
environmental management and conservation (i.e., 141,214 papers in ISI Web of Science, as
consulted on 27th April 2016). However, its precise definition and our understanding of the concept
varies widely both between and within disciplines. Biodiversity is recognized to encompass “.. the
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What Is Marine Biodiversity?

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 includes
diversity within species, between species and of ecosystems.”
(CBD, 1992). The elements of biodiversity are fundamental
properties of an ecosystem, and, in the marine realm, these
encompass all life forms, including the environments they
inhabit, and at scales from genes and species to ecosystems (see
Wilson, 1988; Boero, 2010). Biodiversity can be described as
an abstract aggregated property of those ecosystem components
(Bengtsson, 1998) and can relate to the structure or function
of the community where structure relates to the system at
one time whereas functioning relates to rate processes (Gray
and Elliott, 2009). The structural aspect is represented by the
various marine life-forms, ranging from the smallest prokaryote
to the largest mammal, and inhabiting some of the most
extreme environments. These species exhibit a diversity that
probably exceeds that found in terrestrial environments (Heip,
1998, 2003). The functional aspect is represented by the
relationships among and between these marine organisms and
the environments they inhabit, and is defined in terms of
rates of ecological processes (Strong et al., 2015); most notably
they include physiological processes, predator-prey relationships,
trophic webs, competition, and resource partitioning. These
functions vary on both temporal and spatial scales (Solan et al.,
2006), and include some of the most important ecosystem
services, including oxygen provisioning, CO, sequestration,
and re-mineralization of nutrients (Duarte and Cebrian, 1996;
Costanza et al., 1997; van den Belt and Costanza, 2012). Both
structural and functional elements contributing to biodiversity
play a fundamental role in maintaining and defining healthy
marine systems (Selig et al., 2013).

In essence, the marine ecosystem is comprised of three
interlinked processes (Gray and Elliott, 2009). Firstly, the
physico-chemical system creates a set of fundamental niches
(most often the water column and substratum) which then are
colonized by organisms according to their environmental
tolerances—these may be termed environment-biology
relationships. Secondly, the organisms interact with each
other in, for example, predator-prey interactions, competition,
recruitment, feeding, and mutualism—these are biology-
biology relationships. Thirdly, the resulting ecology has
the ability to complete the cycle with feedback loops and
modify the physico-chemical system through bioturbation,
space or material change, bio-engineering,
for example; these may be termed biology-environment

removal or

relationships. ~ Superimposed on these three systems
are anthropogenic influences which then perturb the
systems.

Human activities produce a range of pressures on marine
systems, some of which may lead to irreversible changes (e.g.,
deyoungetal., 2008; Elliott et al., 2015). This may have immediate
consequences for patterns of biodiversity and consequently for
the critical ecosystem services they provide (Costanza et al.,
1997, 2014; De Groot et al, 2002, 2010). Those ecosystem
services can be grouped into provisioning, regulating, supporting
and cultural ones which, after adding human complementary

assets, in turn lead to societal benefits (Turner and Schaafsma,
2015).

In this context, the European Marine Strategy Framework
Directive (MSFD) requires Member States to achieve Good
Environmental Status (GES) (European Commission, 2008). The
directive comprises 11 qualitative descriptors of GES, of which
biological diversity is the first, but most if not all of the others
can be considered to refer to some part of biodiversity in
its broad sense, assuming we also consider habitats and their
condition as being within the term; indeed it can be assumed
that if the biodiversity descriptor has been satisfied then by
definition all others are satisfactory and vice versa (Borja et al.,
2013). In order to know whether the goal of GES has been
achieved, an assessment needs to be performed that measures the
current environmental status, hence this involves quantifying the
abstract ecosystem feature biodiversity. For this, the European
Commission has defined a number of GES criteria and indicators
that represent and quantify various aspects of environmental
status and biodiversity (European Commission, 2010). The
available indicators in Europe, for the MSFD implementation,
have been recently collated (Teixeira et al., 2016), and a method
to select the most adequate has been proposed (Queiros et al.,
2016). Then, some of them have been used in assessing the
environmental status across regional seas (Uusitalo et al., 2016).

It is axiomatic that one cannot manage a system unless it can
be measured and those measures require to be SMART (Specific,
Measurable, Achievable, Realistic, and Time-bounded) otherwise
itis not possible to determine whether management has achieved
the desired result (Elliott, 2011). Hence the importance of
quantitative indicators but these must be comparatively simple
if they are to be operational (Rombouts et al., 2013; Borja et al.,
2016), although many of these overlap, and such redundancies
can compromise the efficiency and accuracy of assessments
(Berg et al.,, 2015). The recent trend toward using long lists
of indicators for an integrative assessment increases the risk of
such overlaps (Teixeira et al., 2016). There are many potential
combinations of study approaches and thus, before compiling
the indicators, any large-scale or comparative assessment of
biodiversity first requires a unified approach and a workable
conceptual understanding of biodiversity.

Given the inherent complexity of biodiversity and the
services which the ecosystems provide as a consequence of their
biodiversity (see, for example, Heip, 2003; Bartkowski et al.,
2015; Farnsworth et al., 2015), it is imperative to depict these
into one or more simple conceptual models. There are many
ways to view marine systems, depending on the questions asked,
the management goals set and typically, as with any complex
system, disaggregating the various levels of complexity allows us
to better understand each of the components and their major
interactions (Brooks et al., 2016). Consequently, an assessment
of biodiversity used to answer a specific question will benefit
from a set of conceptual models which together represent the
various aspects of biodiversity. Together, these models provide a
multi-faceted view of biodiversity and help users to identify the
necessary elements to include in an environmental assessment
by focusing on the aspects of biodiversity most relevant to the
specific question and goal.
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A common conceptual framework on marine biodiversity
is presented here to facilitate integrative assessment of
environmental status and implementation of the relevant
legislation. We present a context-driven, multi-faceted view
on biodiversity that will enable selection of the appropriate
assessment elements and indicators. The framework is required
to implement and further develop policies and practice
to maintain biodiversity in the context of the sustainable
management of human activities.

CONCEPTUAL VIEWS OF BIODIVERSITY

Marine biodiversity is an aggregation of highly inter-connected
ecosystem components or features, encompassing all levels
of biological organization from genes, species, populations to
ecosystems, with the diversity of each level having structural
and functional attributes (Table 1). Further, marine biodiversity,
or any of its components, can be assessed at various temporal
or spatial scales. A conceptual model of marine biodiversity
and its interpretation therefore depends on the questions being
asked, which of the different components are emphasized, and
the information and understanding available, especially of the
connectivity and feedbacks in the system. By definition, this
involves the implicit understanding that the components are
all part of a larger and inter-linked system, where changes in
one element inevitably will produce knock-on effects elsewhere
(Gamfeldt et al., 2015). These may be regarded as bottom-up
processes, causing change from the cell to the ecosystem and
from the physicochemical system to the landscape (“seascape”)
system. Similarly, they can be regarded as the responses in a
top-down system focusing on the upper level (seascape and
ecosystem) which is often the end-point of marine management
and the focus of the current review. Accordingly, this review
does not specifically address genetic, molecular, physiological,
biochemical, population, and size-biomass-spectrum aspects of
biodiversity (Zacharius and Roff, 2000; Kenchington, 2003;
Palumbi, 2003; Gray and Elliott, 2009), as these are both intrinsic
and implicit aspects within the concept of biodiversity, whichever
viewpoint is emphasized. We thus specifically cover only the
upper levels (Table 1, bold entries), but retain the understanding
of the multi-level complexity within these.

Hence modeling such a complex system with a view
to marine management requires (i) pragmatic simplifications
through disaggregation of the elements into various conceptual
viewpoints, followed by (ii) a context-driven re-aggregation of
the necessary components. We here provide three illustrative
examples of such conceptual upper-level views on marine
biodiversity, where the information retrieved is restricted to
that relevant to the main focus, or viewpoint (Figure 1). The
first focuses on structural aspects using a classical taxonomic
approach to biodiversity (structural taxonomic biodiversity).
The second focuses on the functional aspects of biodiversity
(functional ecosystem biodiversity), and the third illustrates
food-webs as one of the most used types of a combined view
on both structural and functional aspects of biodiversity (food-
web biodiversity). These examples only capture parts of the full

complexity of biodiversity (Table 1) but are the most commonly
found in specific user-driven contexts.

Structural Taxonomic Biodiversity

Since the establishment of the hierarchical system of binomial
nomenclature (Linné, 1735), a major focus of biological studies
has been to categorize observed organisms into taxonomic units,
and to describe new species as they are discovered. Quantitative
taxonomic data sets are a useful tool in environmental
assessments, with typical indicators being species (taxon)
richness, and population abundance and biomass within a
place, between areas or over time. This is especially important
in nature conservation planning (Sarkar and Margules, 2002),
notably because habitat destruction is a major driver of species
extinctions, particularly those with narrow distribution ranges
(Pimm et al, 2014), such that adequate knowledge of the
structural taxonomic biodiversity of a particular area will help
to preserve its endemic species. A taxonomic inventory and the
associated habitats and their changes in space and time then
becomes central to environmental impact assessments (Pearson
and Rosenberg, 1978; Olsgard and Gray, 1995; Rosenberg et al.,
2001; Borja et al., 2003), studies of marine protected areas
(Klein et al., 2015) and the compliance with marine diversity
and ecosystem health governance instruments such as the EC
Habitats Directive (e.g., Boyes and Elliott, 2014).

The EU MSFD addresses biodiversity components within
two main categories: (i) main species groups, and (ii)
habitats and their associated communities (habitat diversity and
mosaics) (see Cochrane et al, 2010; Hummel et al., 2015).
The main species-level groups include mammals, birds, fish,
cephalopods, and reptiles. Within the marine habitats, water-
column communities comprise pelagic microbes, phyto- and
zooplankton, whereas seafloor communities encompass benthic
micro, macro- and mega- fauna as well as primary producers
such as seagrasses and macroalgae. In addition, other species
such as those included under the European Union legislation
or international conventions, charismatic or non-indigenous
species and genetically distinct forms (varieties or subspecies)
of native species may be included, depending on the particular
assessment area and questions being addresses. In the MSFD, the
categories for birds, fish, and mammals are further sub-divided
into main functional categories, mostly based on their feeding
and/or depth preferences (Table 2). This, however, introduces a
functional division into the otherwise purely structural view.

The predominant seabed and water column habitat types can
effectively be characterized in terms of a pragmatic selection of
the major categories under the European Nature Information
System (EUNIS) scheme (Cochrane et al., 2010; Galparsoro et al.,
2012, 2015) (Table 3). The biological communities associated
with those habitats can then be addressed; thus extending the
conceptual view from purely taxonomic entities to higher-level
structural aggregations of taxa as part of their biotope (Olenin
and Ducrotoy, 2006) (Figure 2). This structural view potentially
omits the functional attributes or traits of the populations and
communities associated with habitats although some of the
structural attributes may be regarded as surrogates (proxies)
for functional ones (Gray and Elliott, 2009). For example,
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TABLE 1 | Structural and functional biodiversity examples across levels of biological organization (topics focused on in the current paper in bold)

(extensively modified from Zacharius and Roff, 2000).

Level of biological
organization/compositional level

Structural diversity

Functional diversity

Genes-molecular
biochemical structure

Species-individual

Species-population

variability
Community Community composition
Ecosystem Ecosystem structure
Landscape type Habitat structure; seascape mosaic

Genetic structure, gene pool; molecular and

Morphological variability, size-biomass spectra

Population structure, recruitment size, biomass

Genetic variability over time, gene pool modification; biochemical
changes in space and time

Physiological variability; environmental tolerance change; growth
variability

Population dynamics, production and productivity change;
intra-specific relationship changes

Inter-specific relationship changes; organism-habitat
variability; intra-habitat competition; food-web interactions
Ecosystem processes, predator-prey relationship changes,
inter-habitat competition

Physical-biota interaction variability in space and time;
changes to seascape mosaic in space and time

FIGURE 1 | Schematic illustration of a pragmatic simplification of
marine biodiversity, where a restricted extent of information is
selected depending on the relevant viewpoints and questions asked.
Base image courtesy of laroslav Lazunov, http://vectorboom.com/

the benthic communities can be characterized in terms of
proportional representations of different traits, feeding guilds,
motility, burrowing activities etc. (Bremner et al., 2006a,b;
Cochrane et al, 2012) but these have not previously been
the main focus of structural biodiversity; most methods have
centered on the plethora of quantitative means of defining
benthic community structure (Gray and Elliott, 2009). However,
recognizing and measuring functional diversity within the
benthos also has become of increasing importance from a
management perspective (Reiss et al., 2015).

A high biodiversity, including species richness, may enhance
ecosystem processes and promote long-term stability by
buffering, or insuring, against environmental fluctuations (Yachi
and Loreau, 1999; Loreau, 2000). Conversely, a loss of
biodiversity may impair ecosystem functioning, and thus also

TABLE 2 | Predominant functional and/or feeding groups within the main
biodiversity components for application in assessment of motile
biodiversity components.

Biodiversity component Ecotype

Birds* Offshore surface-feeding birds
Offshore pelagic-feeding birds
Inshore surface-feeding
Inshore pelagic-feeding birds
Intertidal benthic-feeding birds
Subtidal benthic-feeding birds

Ice-associated birds*

Reptiles Turtles

Toothed whales

Baleen whales

Seals

Ice-associated mammals

Mammals

ek

Fish Pelagic fish
Demersal fish
Elasmobranchs
Deep sea fish
Coastal/anadromous fish
Ice-associated fish*™*

Cephalopods Coastal/shelf pelagic cephalopods

Deep-sea pelagic cephalopods

*Annex lll of the MSFD refers to “seabirds”; this term is commonly used to distinguish
certain types of marine birds (petrels, gannets, cormorants, skuas, gulls, terns, and auks)
from water birds (waders, herons, egrets, ducks, geese, swans, divers, and grebes).
To avoid possible confusion with this narrower use, the term “birds” is used here.
The ecotypes for seabirds (offshore and inshore) are as used by the ICES Working
Group on Seabird Ecology for assessment of trends in seabird populations (ICES, 2009).
**Species which depend upon ice and ice-driven biological processes for habitat, shelter,
reproduction or feeding for at least some parts of the year, or for parts of their life-cycle.

the services provided (Loreau and Hector, 2001). At least in the
marine realm, habitat structure obviously influences the number
of niches available for colonization and thus can indicate the
number of types (species, traits, etc.) which can be supported
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TABLE 3 | Predominant habitat types for application in assessment of Descriptor 1.

Realm Predominant habitat type

Relationship to EUNIS! habitat classes

Seabed habitats  Littoral rock and biogenic reef

Littoral sediment

Shallow sublittoral rock and biogenic reef
Shallow sublittoral sediment

Shelf sublittoral rock and biogenic reef

Shelf sublittoral sediment

Bathyal rock and biogenic reef
Bathyal sediment
Abyssal rock and biogenic reef

Abyssal sediment

Al + A2.7

A2 (except A2.7)

A3 + circalittoral habitats in A4, infralittoral & circalittoral biogenic reefs in A5.7

Habitats in A5 (except A5.6) above wavebase (from O m down to about 50-70 m depth in Atlantic)
Deep circalittoral habitats in A4 & A5.7

Deep circalittoral habitats in A5 below wavebase (from about 50-70 m depth down to the shelf break in
Atlantic)

AB.1 + AB.6 (bathyal zone—~200-1800m in Atlantic)

AB.2 + AB.3 + AB.4 + AB.6 (bathyal zone—~200-1800 m in Atlantic)
AB.1 + AB.7 (abyssal zone —~=>1800m in Atlantic)

AB.2 + AB.3 + AB.4 + AB.6 (abyssal zone—~>1800m in Atlantic)

Pelagic habitats Low salinity water (Baltic Sea)
Reduced salinity water (Black Sea)
Estuarine water

Coastal water

Shelf water

Oceanic water

EUNIS pelagic classification not structured in suitable way for purpose here

Ice habitats Ice-associated habitats

A8

TEUNIS 200611 version used.

Outline depth ranges are given for Atlantic waters for the shallow, shelf, bathyal, and abyssal zones. The precise depth ranges vary between subregions and also in the Baltic,

Mediterranean and Black Sea Regions.

LITTORAL SHALLOW

SUBLITTORAL

SHELF
SUBLITTORAL

BATHYAL /
ABYSSAL

ICE ASSOCIATED

Pelagic habitats

- | Invertebrates

Reduced salinity
Variable salinity
Marine coastal

Reduced salinity
Variable salinity
Marine coastal

Marine shelf/
oceanic water

Oceanic

* | Mammals

‘[ Fish

lﬂﬁ

Physical conditions

Zooplankon o

4

D1.4,1.5,1.6
Benthic habitats
As for shelf
Rock/ Encrusting/ As fo_r shelf Rock/ Encrusting/ Ss bcl";tsoril
biogenic reef-associated sublittoral biogenic reef-associated ubll
fauna/flora fauna/flora
reef reef (sediments not
. - distinguished
Sediment Infauna/ .| Sediment nfaunay & )
-Coarse intermittent -Coarse ntauna . )
_Sand epifauna _Sand epifauna Applied to:
-Mud -Mud
-Mixed -Mixed Upper bathyal
Lower Bathyal
D1.4,1.5, 1.6, Abyssa|

FIGURE 2 | Conceptual illustration of the biodiversity components associated with pelagic and seafloor habitats. Indicators in diamond-shaped boxes
refer to Descriptors (D) and criteria (digits) of the MSFD (European Commission, 2010).
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within that habitat. Other community properties such as biomass
and abundance are more dependent on ecological interactions
such as predator-prey links and recruitment (Gray and Elliott,
2009). This biodiversity-stability relation is complex as it firstly
requires a clear definition of what is meant by ecosystem
temporal (dynamic) stability and/or the ability to withstand
change through resistance and resilience (see McCann, 2000;
Tett et al, 2013). Secondly, it requires understanding how
biological diversity will enhance ecosystem stability (McCann,
2000; Hooper et al, 2005; Strong et al, 2015). There is
a wealth of theoretical and empirical data to support the
contention that biodiversity (numbers of distinct species, but
also functional diversity) enhances both ecosystem productivity
and its resistance to perturbation (e.g., Isbell et al., 2015a,b;
Wang and Loreau, 2016). Habitats and species diversity are
intrinsically intertwined, and baseline diversity is highly variable.
For example, species diversity in seagrass meadows is greater
than in adjacent non-vegetated areas (Hemminga and Duarte,
2000), but the lack of seagrass diversity makes these habitats more
vulnerable to specific perturbations such as the Wasting disease
and storms (Orth et al., 2006). However, this is not always the case
as some lower diversity ecosystems, such as estuaries, have a high
resilience conferred by the high tolerances and adaptability of the
component species, a feature termed environmental homeostasis
(Elliott and Quintino, 2007).

While structural taxonomic biodiversity may enhance
ecosystem stability, it is not the structural biodiversity as such
that causes stability, but the individual species and their role
in the ecosystem. In order to understand which species or
species groups are the major players within marine ecosystems
and how they relate to the functioning of the ecosystem, the
understanding of biodiversity would have less emphasis on
recording all the taxa, but rather on including the main species
within the different functional or feeding groups. This implies
a redundancy in the ecosystem, the so-called “rivet hypothesis”
(Gray and Elliott, 2009). This also emphasizes the need for a
functional view of biodiversity.

Functional Ecosystem Biodiversity

By interpreting biodiversity from an ecosystem (top-down) entry
point, the focus shifts from structural to functional aspects.
In order to construct a simple-to-use view, it is necessary
to distinguish between the terms functions and processes
(Figure 3; rectangular and rounded boxes, respectively) of which
there are three main categories of ecosystem functions: (i)
Primary production; (ii) Secondary production (spanning from
the herbivorous primary consumers to the top predators), and
(iii) Nutrient cycling. Each of these major functions are carried
out through many inter-linked processes, such as photosynthesis,
particle flux (sedimentation, mixing, and resuspension) and
consumption/respiration. Export of energy from the marine
system to humans and birds through selective biomass extraction
also is considered a process as is the re-introduction of nutrients
through effluents/run-off and guano.

Documenting the biodiversity status of these three major
ecosystem functions/processes, through which they are
carried out, requires measurable parameters and indicators
(diamond-shaped boxes in Figure 3). Most of the indicators

currently, or potentially, used in environmental assessment are
regarded as surrogates (proxies) of the three main ecosystem
functions (see Uusitalo et al., 2016), but the extent to which
these reflect the processes is variable, and often just reflect
structural elements of the ecosystem. Measuring the abundance
and/or biomass of microalgae, the content or concentration
of chlorophyll or various proxies such as fluorescence is
commonly used to represent the amount of primary producers
in the system (Steele, 1962), even if these indicators do not
always directly measure photosynthesis. Similarly, for nutrient
cycling, appropriate indicators may include the abundance
or biomass of microbes or the conservative or otherwise
behavior of the different nutrient forms, but this may not
give sufficient knowledge of microbial activity (Caruso et al,
2015, 2016). Secondary production, on the other hand, is more
tangible, and there exist many indicators that are proxies for
quantifying the distribution, population dynamics, abundance,
and condition of the various categories of organisms, both
in terms of functional traits and population and taxonomic
composition (Diaz et al., 2004; Rice et al, 2012). Measuring
the processes directly is somewhat more challenging because it
often involves experimental approaches (for example respiration
measurements), or long-term passive sampling (for example
sediment traps) or repeated time-series of population dynamics,
Allen-curves and biomass changes to allow production and
productivity to be estimated (e.g., Crisp, 1984; Gray and Elliott,
2009), and these can be particularly time-consuming, expensive
and not least of all, highly variable from daily, seasonal to annual
scales (Bolam, 2014; Maire et al., 2015).

A unified approach to a biodiversity assessment with a
functional ecosystem focus would therefore start by identifying
indicators for the three main functions. Most assessment
programmes will not include these functions, but their existence
should at least be acknowledged. From there, the key processes
and taxa within each of the major functions will be identified, first
in general terms, and then in detail, specific to the assessment area
in question. Furthermore, it is argued that there is an increasing
emphasis in marine management, from the structural ecological
approach in the EU Water Framework and Habitats Directives,
to the more functional approach in the MSFD (Borja et al., 2010;
Hering et al., 2010).

Food-Web Biodiversity

The food-web functional view (Figure 4) employs the three main
ecosystem functions (primary production, secondary production
and nutrient cycling) thus encompassing a range of processes
(see Rombouts et al., 2013; Piroddi et al.,, 2015). The three
ecosystem functions are carried out by various combinations of
the structural components of biodiversity. Primary producers in
the form of microorganisms, micro- and macroalgae as well as
macrophytes (e.g., seagrasses), and including both photo- and
chemosynthesis, exist in both the pelagic and benthic realms.
Through the microbial loop and remineralization, microbes are
responsible for the key function of nutrient cycling and make
carbon available to the system (Azam et al., 1983; Fenchel, 2008).
The primary herbivorous grazers such as copepods form the
link between primary production and the rest of the food-web,
although these also are transported out of the strictly marine
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FIGURE 3 | Conceptual illustration of the major functions within marine ecosystems, as a basis for structuring ecosystem-orientated biodiversity
assessments. Note that functions such as habitat provision, reproduction, etc., are implicit within the concept.

system through harvesting by seabirds and humans, as a source
of omega-3 oil.

Thus, functional indicators of nutrient cycling can operate
on microbes, primary production and secondary production
to zooplankton, benthos and progressively higher-order
predators. The processes typically are explored using more
field-experimental, research-orientated indicators although
the parameters or organisms to be measured within the three
ecosystem functions depends on the biodiversity characteristics
of the assessment area and the management questions being
addressed.

In essence, a generalized food-web assessment requires
indicators to cover all the major energy flow pathways
throughout the system. Indicator selection would conceivably
start at the producer level, such as abundance and biomass of
phytoplankton and benthic algae, and also the basal zooplankton
consumers. Indicators for motile components within the pelagic
habitat would cover smaller components to top predators,
assessed in categories appropriate to the survey area, but
essentially covering, for example: (i) krill, gelatinous plankton,
and juvenile fish, (ii) squid and small pelagic fish, (iii) large
pelagic-feeding fish, reptiles, and mammals such as seals and
finally (iv) large benthic feeding fish and mammals such as walrus
and seals. The benthic secondary producing component can
be seen in terms of functional groups, from herbivores (such
as grazers), carnivores which actively seek prey and scavengers

which consume both living and dead remains, to surface deposit
feeders which consume material deposited from the planktonic
realm, and filter-feeders that operate at the sediment-water
interface, feeding on both settling particles as well as re-
suspended matter, the latter produced either through biological
pumps or strong bottom currents.

IMPLICATIONS FOR BIODIVERSITY
ASSESSMENTS

Different management questions require different starting-points
for selection of measurement parameters and indicators for
biodiversity assessments (Table 4).

Structural Biodiversity Assessment

The structural view on biodiversity is typically used when nature
conservation is the primary focus in preserving all (or at least
those designated as being important) biotic components of a
given ecosystem together with its characteristic abiotic features.
For example, the EC Habitats Directive requires assessing
the biodiversity status, especially for the conservation features
for which an area was designated, by using the appropriate
taxonomic and habitat quality indicators. This either ignores
the functional relationships within the ecosystem or makes
the assumption that the structural elements are proxies for
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functioning. This can have implications for the management of
such conservation areas since it may require manipulating the
habitats and living conditions of certain species or communities
when the assessment reveals a less favorable biodiversity status.
In this case, ecoengineering may be required both to recreate
and restore suitable eco-hydrological functioning (Type A
ecoengineering) or to use the restocking or replanting to recreate
populations (Type B ecoengineering) (Elliott et al., 2016). As
an example, reef restoration is a measure to re-establish reef
systems in places where these might have been damaged or
lost. This requires the current habitat to be altered (e.g., from
soft bottom to hard bottom) so it can support and promote
the establishment of a new reef community. This structural
change will be reflected in later biodiversity assessments and
possibly document the increased biodiversity status. However,
if the focus is on a structural view of biodiversity, it might not
result in successful functioning and so this kind of biodiversity
assessment will not be a holistic one. Hence, the context-driven
approach maximizes taxonomical biodiversity but not necessarily
ecosystem functioning. Although it can be assumed that
biodiversity and ecosystem functioning relationships (BEF) will
ensure that higher taxonomical biodiversity also produces higher
ecosystem stability (in terms of resistance and resilience), there is
insufficient evidence to support this assumption (Cardinale et al.,
2012; Strong et al., 2015).

Ecosystem Assessments
Most management policies and assessments world-wide aim for
some kind of ecosystem approach (Borja et al., 2008). The MSFD
advocates an ecosystem-based approach, and many assessment
and monitoring schemes exist aiming to integrate ecosystem
functions and their values and services (see Atkins et al., 2011;
Elliott, 2011, 2013, 2014; Laurila-Pant et al., 2015). However, as
with the term biodiversity, the distinctions and uses of the terms
Ecosystem Approach and Ecosystem-based management are far
from consistent (see review in Borja et al., 2016). An Ecosystem-
based management strategy acknowledges the complexity of
ecosystems and in particular: (i) the need to take into account
both the structural aspects (e.g., life-forms present) and the
interactions among organisms (especially inter-species relations)
within ecological systems, (ii) the essence of connectivity
between and within communities, ecosystems, habitats and
biotopes, and (iii) that humans are a part of ecosystems thereby
integrating human societies within biodiversity management
(Elliott, 2011; Kelble et al, 2013; Long et al, 2015). This
approach encompasses the structural and functional aspects of
an ecosystem (its “emergent properties”) as well as, at a smaller
scale, the role of given subsystems or components from this
ecosystem.

To that end, ecosystem assessments tend to employ at least
two views on biodiversity: The structural taxonomic and the
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TABLE 4 | Examples of common managerial questions and the appropriate conceptual viewpoints, as starting-points for indicator selection for
biodiversity assessments.

Managerial questions

Conceptual
viewpoints

Examples of indicators/methods

Informative value

Potential gaps

Conservation;
maximizing biodiversity

Eutrophication/Hypoxia

Monitoring of seafloor

condition/ disturbance
(local scale)

Monitoring of water
column quality

Protection of coral
structures

Sustainable human
activities (broad-scale)

Structural taxonomic
biodiversity

Functional ecosystem
biodiversity, Structural
taxonomic biodiversity

Structural taxonomic
biodiversity

Functional ecosystem
biodiversity

Structural taxonomic
biodiversity

Functional ecosystem
biodiversity, food-web
biodiversity

Species abundance, richness,
diversity. Physical sampling and/or
visual methods.

Productivity, harmful algal blooms,
seafloor species abundance,
richness, diversity, indicator taxa,
sediment profile analyses, physical
analyses of substrate (O, etc).

Species abundance, richness,
diversity, indicator taxa, substrate
condition, sediment profile
analyses. Physical sampling and/or
visual methods.

Abundance/ biomass e.g., of
microalgae, chlorophyll. Use of
physical sampling and/or remote or
in-situ sensors, biomarkers, areal or
satellite monitoring.

Species abundance, richness,
diversity. Reliance on visual and
acoustic methods; no physical
sampling.

Abundance and/or biomass of
primary producers (incl. microbes).
Productivity of key species or
trophic groups, proportion of
selected species at the top of
food-webs, abundance/distribution
of key trophic groups/species,
population dynamics modeling.

Informs of range of species present;
useful as reference conditions.

Informs of degradation status of
both the habitat and the faunal
communities.

Physical sampling gives rise to
quantitative indicators of seafloor
biodiversity and disturbance. Visual
methods give a broader overview of
conditions and visible disturbance
(e.g., smothering or abrasion).

Information on water quality
(parameters as relevant), early
warning system of change,
biological effects monitoring.

Acoustic methods can localize coral
structures over larger areas, and
visual methods used to verify
potential finds.

Holistic assessment of biodiversity
at a broad, ecosystem scale. Useful
also for determining large-scale
impacts of local disturbances (e.g.,
of seafloor).

Detailed observations made at
local scales may not always be
correctly upscaled to represent a
wider area.

Assessments shall include
monitoring of water column quality,
i.e., nutrient levels and
phytoplankton.

Visual and physical sampling can
cover only a relatively limited
spatial area (appropriate for
localized point-source
disturbance). Less informative for
more spatially extensive, but less
locally intensive disturbances.

Physical sampling or infrequent
remote measurements will not
capture short-term fluctuations,
but in-situ sensors will do so.
Organisms for bio-markers
integrate conditions over time.

Visual methods allow identification
of corals and larger epifauna (and
fish), but will underestimate
abundance and diversity of
burrowing or smaller organisms
utilizing the coral habitat.

This topic is extensive so likely no
monitoring program will cover all of
these issues. A more detailed
question-driven selection of
indicators will be required.

functional ecosystem biodiversity. Both are used, or at least
require to be used, in one single assessment, but require
the need to keep overlaps minimal and to properly interpret
the results when measures are to be taken on the basis of
the assessment results. This, in turn, requires the need to
interpret the resulting ecosystem status in both structural and
functional ways so that managers can balance the different needs
when planning management measures. As an example, Elliott
(2011) proposed an ecosystem health assessment (or monitoring)
programme consisting of four elements associated to the typical
management cycle: (i) an analysis of main processes and
structural characteristics of an ecosystem; (ii) an identification of
known or potential stressors; (iii) the development of hypotheses
about how those stressors may affect each part of the ecosystem,
and (iv) the identification of measures of environmental quality
and ecosystem health to test hypotheses. This encompasses
and quantifies, from the socio-ecological system, the ecosystem
services, and societal benefits approach (Atkins et al., 2011;
Laurila-Pant et al., 2015). This approach has led to an extensive
series of marine assessment systems which can include both the

ecological health and societal well-being, for example the global
Ocean Health Index (OHI) (Halpern et al., 2015; Borja et al.,
2016).

In general, starting from the conceptual view of functional
biodiversity, the clear distinction between ecosystem function
and process (e.g., as proposed above) must be retained
throughout the assessment and its interpretation when the terms
are used to derive management actions from the indicators used
to assess functions and processes. However, there is a notable
lack of agreement throughout the literature regarding the terms
“function” and “processes” when applied to ecosystems and their
assessment; indeed the terms may be synonymous in that by
definition a function is a rate process. In our functional ecosystem
model, the three ecosystem functions (primary production,
secondary production and nutrient cycling) together comprise
holistic ecosystem functioning. These ecosystem functions are
the sum of the physical, chemical and biological processes that
transform and translocate energy and materials in ecosystems
(Naeem, 1998; Paterson et al., 2012; Snelgrove et al., 2014; Borja
etal., 2016).
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Functions, and thus inherently also the processes by which
they are carried out, are central to the “ecosystem services”
which the marine environment provides for its own sustainability
and human benefits. As indicated above (and also see Turner
and Schaafsma, 2015), successful structure and functioning
of the physico-chemical and ecological systems can produce
intermediate and final ecosystem services: (i) provisioning, (ii)
regulating, (iii) supporting (or habitat), and (iv) culture and
heritage (Jax, 2005; De Groot et al, 2010). Complementary
human assets are then required to extract societal benefits from
such services (Atkins et al., 2014). Strong et al. (2015) listed
five categories of “ecosystem functions,” which also refer to
processes: (i) production of biomass, (ii) (non-living) organic
matter transformation, (iii) ecosystem metabolism, (iv) nutrient
cycling, and (v) physical environment modification, for which
they analyzed biodiversity.

Thus, there are many ways to refer to the functions and
processes occurring within marine ecosystems, and in turn
the services and societal benefits which they provide. Focusing
our conceptual understanding of biodiversity from a functional
ecosystem viewpoint on three main functions, driven by a
range of processes, gives clarity about the logical basis for both
selection of assessment parameters and interpretation of results.
We recognize that the functions themselves are assessed by
measuring some proxy of the processes, such as various qualities
and attributes of the organisms which carry out those processes.
With this understanding, we can select the indicators which
represent the sections of the system which best address the
questions asked, and at the same time retain an awareness of
the information gaps which require us to extrapolate information
from other measurements and to make appropriate inferences for
ecosystem-scale assessments.

Food-Web Assessments
The conceptual view outlined in Figure4 provides the basis
of a holistic food-web assessment. Typically, such assessments
operate with a restricted set of parameters relating to predator-
prey interactions, with a focus on abundance and population
structure of commercially harvested species, and often also
their main prey items. For example, the MSFD Descriptor 4
(trophic relations) adopted a pragmatic conceptual simplification
in approach (Rogers et al, 2010; Rombouts et al., 2013).
Two key attributes for food-webs were specified within the
MSED as: (i) energy flow in food-webs, i.e., from primary
to secondary production, and (ii) structure of food-webs i.e.,
size and abundance of predators/prey (Rogers et al., 2010).
Rombouts et al. (2013) argued that three main properties of food-
webs can be considered within the MSFD context: Structure,
functioning and dynamics, with emphasis on the latter two
and “the general principles that relate these three properties.”
The MSFD Descriptor 4 indicators for food-webs, such as the
reproductive success of dominant piscivorous seabirds, are very
much process-based and designed to capture responses to the
multiple anthropogenic pressures that can affect food-webs, the
main one being selective extraction of biomass (e.g., fishing).
The structuring influence of large predators on ecosystem
stability, and the potential for human impacts thereon, can

be illustrated, for example, by overfishing of the Atlantic cod,
Gadus morhua which caused a notable increase in alpha and
beta diversity of the remaining fish communities. These became
more variable during periods where the cod no longer dominated
the system (Ellingsen et al.,, 2015). This is an example of the
difficulties a biodiversity concept will face when it becomes
more complex. The overall assessment result will no longer
be able to reflect both the structural and functional changes
individually. The representability of an assessment of food-web
status thus depends much on the indicators chosen and whether
they are capable of capturing the “health” of the ecosystem, in
terms of deviation from reference or target conditions (assuming
these are in fact known and/or defined). Tett et al. (2013)
emphasizes that the concept of ecosystem health is integral to
management questions based on the overall assessment which
thus encompasses an assessment of both biological diversity and
the delivery of ecosystem services and societal benefits.

Where the aim of assessment is toward sustainable
management, such as in the MSFD, or marine conservation, the
selected food-web measurement parameters and indicators must
focus on detecting the impacts of anthropogenic pressures (Coll
etal,, 2016). However, for a programme to understand the overall
predator-prey structure in a system, all levels of interactions
should be included into the underlying view on the biodiversity
as the basis of the assessment. As with all aspects of biodiversity,
changes in abiotic conditions such as climatic ones will also
impact food-webs and create moving baselines against which
changes in biodiversity are judged (Elliott et al., 2015). They are
drivers for changes in species distributions, recruitment success
and competition and so food-web indicators should operate
at the species level (e.g., population indicators) but also at the
ecosystem level when considering overall energy flow through
the system.

The main practical challenge in finding fit-for-purpose food-
web indicators is the variability in pressure-impact relationships
on their structure and functioning. An example on how to reach
a more simplified generalization is the “fishing down the food-
web” rule (Pauly et al., 1998). It proposes that fishing a food-
web would first target larger and higher trophic level carnivorous
fish and then progressively those at lower trophic levels,
theoretically shortening food-webs. Thus, the mean trophic levels
of consumers would be lower in an overfished food web, relative
to an undisturbed one. An indicator reflecting the mean trophic
level will adequately capture this aspect but other indicators
will be needed when the aim of the assessment is not only to
maintain sustainable fisheries, but also to preserve structural
biodiversity. The corresponding conceptual view of biodiversity
should be the basis of such preservation aims by including the
relevant structural elements into the food-web but also assuming
that such structural indicators are indeed proxies for successful
functioning.

CONCLUSIONS

This review of the abstract concept of marine biodiversity is
based on three conceptual views of the upper-level aspects

Frontiers in Marine Science | www.frontiersin.org

10

December 2016 | Volume 3 | Article 248


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Cochrane et al.

What Is Marine Biodiversity?

of biodiversity (structural taxonomic, functional ecosystem-
based, and food-web biodiversity). They form the basis for
constructing different biodiversity assessment types, depending
on the context in which the assessment is used. The conceptual
views serve as simplified common denominators from which can
be developed a dialogue between both scientists and managers,
balancing the needs for a sound scientific foundation and the
pragmatic requirements for practical management of marine
systems. The examples presented in this conceptual framework
and the consequences for the assessment of biodiversity lead to
three conclusions which improve the applicability and value of
biodiversity status assessments and management.

Firstly, marine ecosystems are considered from different
perspectives given the absence of a common and single
understanding of what is marine biodiversity. The way in which
we view this abstract biodiversity depends on various variables
where this complexity can be simplified when focusing on
the structural and functional elements of biodiversity that are
important for the management question to be answered. This is
best done using a carefully defined set of biodiversity elements to
be assessed, knowing which elements to ignore and why and what
consequences this has for the subsequent biodiversity assessment.
This approach will allow for a context-driven assessment, where
the meaning of the assessment result is pre-defined and derived
from our applied understanding of biodiversity. The result does
not need a special interpretation and is tied directly to the
question we want to answer.

Secondly, we wuse the perspectives to construct a
“management-friendly” assessment: A biodiversity status of
“good” or “not good” needs a context for interpretation (see
Mee et al., 2008). This context is given by the specific conceptual
view. Together, this will provide information on what is the
biodiversity status and how it can be improved by managing
identified problems. Only an assessment that can explain the
resulting biodiversity status and give insights into how the
situation can be changed following management measures is
useful for management. It is the conceptual view that leads
to insights and measures to be applied by management thus
emphasizing the need for knowledge on the biodiversity status
and where and how it requires to be improved if it is considered
to be degraded.

Thirdly, be aware of the limits and degree of quantification
of the assessment: Since we know what has been omitted from
our conceptual view, we also know what management cannot
expect to achieve. Similarly, the success of management measures
and their efficacy can only be determined by quantifying the
conceptual approach. A primarily structural taxonomic view of
biodiversity will not lead to an assessment that points to measures
improving ecosystem functions. However, the conceptual view
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