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Abstract

Biodiversity measures the degree of difference within biological systems. Ideally, a single mea-
sure would unify biodiversity assessments across science. Given the multidimensional nature of
biodiversity, in practice, we search for a minimal necessary and sufficient set (M*) of metrics.
Starting with a decomposition of biodiversity indices, we constructed the manifold permutation
matrix from which M* must be found. Simulated ecological communities were generated from lists
of benthic marine species found around Ireland and selected by taxonomic sampling. We tested the
sensitivity and relationships among various indices of biodiversity using multivariate statistics with
a population of simulated communities. The main goal of this analysis is to show how an orthog-
onal set of marine biodiversity metrics can be formed from which to select the most sensitive and
easily measured diversity properties of the community. Having quantified an individual indicator
performance, we will test whether currently used biodiversity indicators can be sensibly reduced to
a smaller number and what we might miss out by doing it. Modelling results of this kind will help

make practical the measuring of biodiversity in marine ecosystems, in line with ICES mission.
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Introduction

Biodiversity, generally referred to as ’the variety
of life on earth’, in fact 'may itself have a di-
versity of meanings’ (Begon et al., 2006). As a
term, biodiversity appeared in the middle of the
80s in the policy context. Soon enough it became
a widely used scientific jargon and its popular-
ity might seem as ’a successful breakthrough in
some new field of science’ (Ghilarov, 1996). How-
ever it is rather a convenient myth as the usage
of the term ’biodiversity’ is value laden (Gaston
and Spicer, 2004) and ’biodiversity is a buzzword’
(Noss, 1990). 'The need to quantify biodiver-
sity drives its fundamental meaning’ (DeLong,
1996). At present biodiversity literature contains
confusing and incredibly extensive ’lexicon zoo’
(Marcot, 2007). Confusion as to what exactly
is meant by biodiversity (Hamilton, 2005) aggra-
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vates with the number of publications. Biodi-
versity is rather understood as a diversity of its
meanings which can never be captured by a single
number (Purvis and Hector, 2000). Clearly, di-
versity of meanings encompass a diversity of mea-
sures, each of them representing various facets
of biodiversity. Applying single measure, we de-
scribe only one facet and therefore some loss of
information will inevitably occur. But before we
can even try to answer the question what mea-
sure of biodiversity has better performance we
need to put stronger emphasis on the meaning
of biodiversity. The nub of the problem of mea-
suring biodiversity is that it can mean anything:
from genetic and phenotypic variability, to vari-
ability in species numbers, ecosystem properties
and patterns and functional heterogeneity. To re-
flect on this it has been suggested by Farnsworth
et al. (2010) to recognize biodiversity as a hi-
erarchy at several levels and include interaction



Table 1: A nine-level hierarchy of biocomplexity. (Source: Farnsworth et al., 2010)

Organization Level

Interactions

ecological communities

competition, predator-prey etc.

populations - species

reproduction, migration, mortality

multi-cellular organisms

environmental interactions, behaviour

tissues, organs and organ systems

cell-interactions and organ function

cells

specialist behaviour and reproduction

sub-cellular structures

the 'machinery’ of the cell

molecular networks

biochemical engines and ’factories’

molecular surfaces

lock and key - e.g. enzymes

DNA sequences: codons to genes

coding and expression control

between them (see Table 1). Various organiza-
tion levels represent various components and con-
ceptually, there is a disagreement among ecol-
ogists which components of biodiversity should
be quantified. Even though the use of indices
based on species is a firmly established tradition
in ecology, scientists are in constant search of new
indices of biodiversity, indices which would per-
form better and unify all aspects, but also better
suit personal needs. To define biodiversity ob-
jectively, we need to find the degree of difference
between each of these levels - multiple biological
systems. Addressing the question posed in the
title, we want to find out whether it is feasible to
reduce the number of marine biodiversity metrics
so that the most sensitive and easily measured
diversity properties of the community could be
selected. In practice, given the multidimensional
nature of biodiversity, it means that we need to
search for a minimal necessary and sufficient set
of metrics which can be done testing indices de-
rived from the literature in a controlled environ-
ment (i.e. simulated ecological communities).

Objectives

The objectives of this paper are threefold:

e to construct a set of measures of fundamental
biodiversity (M) by collecting and decompos-
ing biodiversity measures found in the litera-
ture;

e to test the relationships among various mea-
sures of biodiversity and their sensitivity to
known changes in community structure and

composition using simulated ecological com-
munities;

e to reduce a set of measures of biodiversity
to a minimal set of necessary and sufficient
measures (M*) using multivariate statistics;

Materials and methods

Measures of biodiversity. Biodiversity is
manifested at different levels of biological organi-
zation, and therefore it has different resolutions.
In the search for precise definition of biodiver-
sity metrics we disintegrate each measure of bio-
diversity in some descriptors (D) taking place at
certain organizational levels (L)
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We recognize a finite set of empirical descrip-
tors (e.g. numbers, feature, pattern, distance or
function). A measure of biodiversity can be de-
fined as a scalar combination of one descriptor at
one level specifying a component of biodiversity
M, ; = (D;|L;). If we want to describe biodiver-
sity as a whole and take into account all facets
one measure apparently is not sufficient, we need
a set or a matrix to accommodate all possible
measures.
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Note that M;; may be null because not all
combinations D|L are present in the literature,
but using modelling approach we can investigate
properties of the complete set and to find mini-
mal necessary and sufficient set M*.

Simulation. To test various measures of bio-
diversity we created theoretical datasets display-
ing the properties of real marine communities
(composition and structure). Each dataset was
generated by a rigorous taxonomic sampling pro-
cess applied on taxonomic data made available by
ITIS! (Bisby et al., 2009). These datasets will be
referred to as ecological communities. To ensure
the plausibility of taxa content within commu-
nity, theoretical population has been truncated
at a class level and restricted to a list of ben-
thic marine taxonomic groups found around Ire-
land (BioMar project, Picton et al., 1992). All
low-resolution taxa falling into these classes were
included. To represent taxonomic sampling pro-
cess schematically we use plate notation (see Fig-
ure 1).
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Figure 1: Taxonomic sampling process as a

plate notation with a tree representation T =
{LC 1O, LY LC L%}

Integrated Taxonomic Information System

The taxonomic tree T is presented at several tax-
onomic levels L, LO L¥ LC L% shown by dif-
ferent shades of gray (the darkest colour cor-
responds to the highest number of taxonomic
units). We take a stepwise top-down approach
and select a number of classes as the first step,
then within the classes that were selected we se-
lect a number of orders, etc. We repeat this al-
gorithm in a similar fashion all the way down to
the species level. On the graph the solid lines
indicate further selection, and dashed lines mean
that taxonomic units were dropped. Complete
model run results in a subtree Ty, 15, ...T,
(n = 1000) being generated and described as
T = LY LO LF ¢ LS. Each T is a sepa-
rate ecological community, taxonomic elements
of which are defined by some prior probabilities
7, such that LE ~ 7€, For instance the proba-
bility of an entity to be selected at a species level
is defined by some prior probability = (species
weights) and probability that appropriate taxo-
nomic group has been selected earlier - condi-
tional probability P or L° ~ 7% + P(L%|L%).
Several biodiversity indices such as community
composition and structure indices (e.g. Shannon,
Jaccard), taxonomic diversity indices (e.g. tax-
onomic distinctness and distinctiveness accord-
ing to Clarke and Warwick, 1998) and functional
diversity indices (Petchey and Gaston, 2006)
across several taxonomic levels have been calcu-
lated for each community. While indices reflect-
ing community composition and structure and
taxonomic diversity were calculated in a rather
straightforward manner, for functional diversity
indices an additional information on functional
traits was required. To fill this gap, functions on
a subset of organisms have been obtained from
the biological traits information catalogue - BI-
OTIC, which is a database of biological traits on
selected benthic species (BIOTIC, 2010).
Dimension reduction. Matrix M includes ev-
ery kind of biodiversity metrics and it can be
best presented as a multidimensional space with
axes (measures) pointing in different directions
and clouds of point estimates - ecological com-
munities. To reduce the high-dimensional bio-



diversity metric space into low-dimensional one
we need to conduct principle component analy-
sis (PCA) which will help to detect projections of
measures of biodiversity onto biodiversity space
of maximal variability. Principle components by
definition will be orthogonal to each other, the
proportion of variance explained by each princi-
ple component will show the explanatory power
of each of the measures. This type of analysis
will reduce the multitude of measures of biodi-
versity (M) into a smaller set of measures (their
linear combinations) (M*) elements of which are
strictly necessary and sufficient. The degree of
difference between the origin and the point esti-
mate in M* will be estimated using Manhattan
distance. This measure of difference will give
us an Algorithmic Information Criterion (AIC)
of each ecological community as it has been ex-
plained by Farnsworth and Reid (2010).

Results

The organizational discipline of a relational
database (RDB) is ideal support for meta-
analysis of biodiversity literature and a good
guide for categorizing biodiversity studies, mea-
sures and results in a rigorous and consistent
way. To analyze patterns in measures of bio-
diversity the meta-data on relationships between
them must be recorded. We organized empiri-
cal knowledge on biodiversity measures into RDB
which implies the minimal set of orthogonal mea-
sures of biodiversity. As a result of a careful
review of biodiversity literature we selected 53
quantitative studies that give 180 measures of
biodiversity. Studies spread across several study
systems were preferred. Various assumptions
have been tested using sql queries and matrix of
elements M has been extracted using cartesian
join. By mapping data from publications on bio-
diversity measures into a database we also convey
the notion of interrelatedness between different
concepts of biodiversity (i.e. D and L). Correla-
tion between various indices and their sensitivity
to known changes in ecological community struc-
ture and composition are shown on the Figure 2.
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Figure 2: Correlation matrix as a heatmap. The
colour intensity indicates the degree of correlation
between each pair of indices calculated for a set of
communities. The darkest colour corresponds to the
negative correlation and the lightest colour is positive
correlation, while all colour in between demonstrate
low correlation.

Spearman correlation between measures of biodi-
versity revealed a high correlation between Rich-
ness and Pielou (p = 1.00), Richness and Shan-
non (p = —1.00). Interestingly, taxonomic diver-
sity indices have very low correlation with com-
munity structure and composition indices (p fluc-
tuate around 0 +0.04). The dendrogram placed
on the top of the figure is used to illustrate the
clustering of the variables. Depending on a cut-
off point several clusters can be clearly distin-
guished. The first three axis of the PCA carried
out on 17 variables accounted for 68.8% of total
inertia. All variables were scaled to have unit
variance before the analysis took place. The cal-
culation was done by a singular value decomposi-
tion of the centered data matrix. There is a clear
division between variables contributing to prin-
ciple components: while PC1 is mostly explained
by community structure and composition indices,
PC2 by taxonomic diversity indices (see Figure
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Figure 3: Principal component analysis (PC1 and
PC2) carried out on artificial communities generated
from bentic marine list of species found around Ire-
land using taxonomic sampling algorithm.

Measures of biodiversity that give the highest
proportion of inertia explained form a new low-
dimensional space of measures of biodiversity,
this new biodiversity space is effectively a min-
imal necessary and sufficient set of measures of
biodiversity M*. Having specified M* and as it
holds all kinds of metrics but excludes correlation
among them, an objective valuation of biodiver-
sity is now possible using AIC.

Conclusions

In this paper we addressed biodiversity in a more
integrated and formal way starting with an at-
tempt to give a precise definition of biodiversity.
We constructed the manifold permutation matrix
M accommodating all possible measures of biodi-
versity - combinations D|L. Matrix M has been
populated with measures of biodiversity found
in the literature and reduced to a minimal nec-
essary and sufficient set M* using multivariate
analysis. We used taxonomic sampling algorithm
applied to a list of benthic marine species found
around Ireland to generate large number of artifi-
cial ecological communities with a plausible taxa
content. Using these communities we tested the
relationship and sensitivity of biodiversity indi-
cators to known changes in community structure

and composition. It has been shown that some
of the indicators are closely related and similar
enough to form clusters. We know that biodiver-
sity measures represent various facets of biodiver-
sity and using single measure may result in a loss
of information. To minimize this loss, we reduced
multidimensionality of biodiversity by eliminat-
ing measures of biodiversity that contribute least
in multidimensional biodiversity space. Finally,
we constructed a limited set of biodiversity met-
rics which proved to be a good approximation
of total biodiversity. As a follow-up research it
would be interesting to address the comparabil-
ity between the simulated ecological communities
and empirical communities by means of model
validation.
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