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Abstract: Subterranean ecosystem studies using multivariate ordination and/or
agglomerative classification statistical methods were reviewed in the Science Citation
Index (SCI) between 1945 and 2006. Nearly 57,000 publications cited subterranean
habitats or their associated biota in the SCI abstracts, however, multivariate statistics
applied to strictly hypogean taxa occurred in only 65 papers from 1990 onwards. Over
90% of the multivariate applications were devoted to morphometric or genetic studies of
single species and to relationships between the environment and species assemblages. In
terms of taxa and ecosystem types, stygobite and waterless cave studies featuring
multivariate applications predominated, respectively. Only six different methods (Agglo-
merative Clustering, Canonical Correspondence Analysis, Correspondence Analysis,
Discriminant Analysis, non-metric Multidimensional Scaling, Principal Component
Analysis) were used among the >30 multivariate techniques available within the
biostatistical toolbox. The retrieved set of publications was sorted in a simple table by
keyword according to type of biota, habitat, research topic and multivariate method,
while online biostatistical resources are appended. Further comments are made on the

use of statistics in the biological sciences in general.

INTRODUCTION

Multivariate statistics (i.e. ordination, classification and
hybrid methods) are useful in studies where one of the main
goals may be to quantify relationships among a set of
samples in which a large number of variables has been
measured. A matrix of abundance of species assemblages
and a matrix of measurements of environmental variables
from an array of samples spread in space and/or time is a
classical data set to deploy multivariate statistics in
ecological research. For example, samples may be different
caves surveyed in a single region, a single cave monitored
several times per year, or a combination of the latter, while
the relative abundances of troglobite taxa found in one
baited trap per cave and physical variables measured
around each trap (e.g. humidity, temperature, etc.) may
constitute the raw data. Common research questions asked
of such matrices are whether there are patterns of species
assemblages among caves and what environmental factors
are underlying those patterns (e.g. Christman and Culver,
2001).

Multivariate statistical methods originated from the
pioneering work by Petrie (1899) and Spearman (1904).
Since then, over thirty different multivariate techniques
have been described (see Gauch, 1982; Jongman et al.,
1995; Legendre and Legendre, 1998; Clarke and Warwick,
2001; McCune and Grace, 2002; Leps and Smilauer, 2003;
Zuur et al., 2007), mostly within the last two decades.
These techniques have a number of advantages over more
traditional, univariate techniques, notably in their graph-
ical and numerical outputs. In ordination methods,
complex multivariate information is summarized in a
low-dimensional scatter diagram where points commonly

120« Journal of Cave and Karst Studies, August 2008

represent samples and distances among them are propor-
tional to their degree of likeliness measured by a given
resemblance measure, e.g. Euclidean distances or Bray-
Curtis similarities (see Clarke et al., 2006). As to classifi-
cation techniques (Legendre and Legendre, 1998), dendro-
grams or trees are the display options, where branches link
and cluster groups of sample units in a sequential fashion
based on resemblance. Second, as part of the numerical
result of a multivariate analysis, a series of coefficients are
produced, which quantify the importance of each of the
variables in the ordination patterns observed; hence
principal coefficients in eigen-analysis-based techniques
like Principal Component Analysis (PCA; Hotelling, 1933)
or Correspondence Analysis (CA; Hirschfeld, 1935; Hill
and Gauch, 1980; ter Braak and Schaffers, 2004), or
similarity contributions (Clarke, 1993) from distance-based
methods like non-Metric Multi-Dimensional Scaling
(nMDS; Shepard, 1962; Belbin, 1991), Cluster Analysis
(CLUSTER; Sneath and Sokal, 1973) or Polar Ordination
(Bray and Curtis, 1957).

Ordination techniques may be indirect (unconstrained)
or direct (constrained, also known as canonical) depending
on whether one or two data matrices, respectively, are
input into the algorithm. The whole family of ordination
methods is sometimes termed as gradient analysis following
ter Braak and Prentice (1988). Within the suite of canonical
methods, ordinations can be constrained to extract a
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specific fraction of information from a species x sample
data matrix, for instance, the amount of assemblage
variation that can be explained by a set of environmental
predictors (one type of constraint, i.e., the second data
matrix). This is the case in Redundancy Analysis (RDA; de
Wollenberg, 1977), Canonical Correspondence Analysis
(CCA; ter Braak, 1986; Makarenkof & Legendre, 2004)
and Canonical Correlation Analysis (CCoA; Hotelling,
1936; Anderson & Willis, 2005). On the other hand,
ANOVA-like tests for differences among a priori groups of
samples (a further type of constraint) in Discriminant
Analysis (DA; Fisher, 1936; Legendre & Anderson, 1999;
McArdle & Anderson, 2001; Anderson and Robinson,
2005; Millar et al., 2005) represent the second major kind
of canonical analyses. Ordination methods have been
employed traditionally in a descriptive fashion, but recent
advances have fostered ordination-based frameworks to
carry out MANOVA inferential tests (Legendre and
Anderson, 1999; McArdle and Anderson, 1999) and
predictive modeling (e.g. Guisan et al., 1999). Comparative
reviews over the properties and relative merits and
drawbacks of the various techniques can be found in
Minchin (1987), Clarke and Green (1988), Okland (1996)
and Anderson and Willis (2003). Moreover, advanced
classification methods can also quantify relationships
among two sets of variables in the so-called Multivariate
Regression Trees (Breiman et al., 1984; Moore et al., 1991;
Vayssieres et al., 2000; De’ath, 2002), or integrate classifi-
cation and ordination techniques into two-way ordered
tables known as TWINSPAN (Hill, 1979; Gauch, 1982)
which have been particularly popular among botanists.

Although multivariate techniques are now firmly
established in many fields of ecology (particularly so for
marine benthos, freshwater, and botany), their use seems
restricted in subterranean ecosystem studies. To quantify
this apparent lack of implementation, we describe trends in
the utilization of multivariate ordination methods and
agglomerative classification for the study of subterranean
fauna and microbes in ecological research through a
literature review in the Science Citation Index (1945-
2006). Records of genetic studies (which do not subscribe
strictly to ecology) and of submarine cave papers (which do
not deal with subterranean ecosystems proper) were also
included as sample examples of other type of multivariate
applications from a common raw data entry. The main
fields of utilization are highlighted, a synthesis of on-line
resources for multivariate statistics is provided, and the full
set of selected publications (n=65) is appended after
sorting them by type of biota, habitat, research topic and
multivariate method.

METHODS
The literature review was undertaken in the Science

Citation Index (SCI, 1945-2006, inclusive) on-line at the
Department of Analytical Chemistry, University Jaume I
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Figure 1. Number of publications (in a log-scale) cited in the
Science Citation Index (1945-2006) after a search by
abstract including key words standing for Subterranean
Habitat, Subterranean Biota (SB), Multivariate ordination
and classification Methods (MM), and SB+MM.

(Castellon de la Plana, Spain). A total of 358 key words
were browsed in the database in three compound sets
linked with the standard commands AND, OR, ©“” and *
as appropriate. These sets consisted of groups of words
that could retrieve from SCI any publication incorporating
multivariate methods (117 words), subterranean biota (69
words) and subterranean habitats (172 words). Subterra-
nean habitats included caves, the soil vadose and phreatic
zones, lava tubes, cenotes and blue holes, while nomencla-
ture for subterranean biota followed Malard et al. (2003).
Searches were done by abstract, after first undertaking a
trial by title which only found three publications. The review
was restricted to research articles published in English.

RESULTS

Throughout the period of 61 years surveyed, a total of
56,559 publications cited subterranean ecosystems or their
associated biota in their abstracts. Of this total, approx-
imately 20% and 80% dealt with subterranean biota and
habitats, respectively, and only 266 papers (0.47%) had
used multivariate ordination and/or classification methods.
The number of publications on subterranean biota and
habitats, whether multivariate statistics were included or
not, increased with time, particularly from 1985 to 1995
(Fig. 1). The first paper to use multivariate methods in
SCl-cited subterranean research was published in 1990.

Many of the papers extracted from the SCI were
devoted to flora and fauna that do not inhabit the
subterranean realm, for instance surface vegetation in
karstic regions or aquatic invertebrates in rivers receiving
water from a subterranean course. As such, all abstracts
were manually scrutinized. Out of the 266 publications
using multivariate methods, only 65 papers were specifi-
cally related to hypogean ecosystems and they form the
literature compilation used hereafter (see Appendix).
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Figure 2. Number of publications employing a total of 6
multivariate methods in research papers on subterranean
biota. Publication records (n=65) were obtained from the
Science Citation Index (1945-2006) after a search by
abstract including key words standing for the subterranean
biota. See legend on top with overall subjects times the
number of publications/subject (records without citation of
multivariate methods in abstracts are excluded). Methods
are: DA= Discriminant Analysis PCA= Principal Compo-
nent Analysis CLUSTER= Agglomerative Clustering CCA=
Canonical Correspondence Analysis CA= Correspondence
Analysis nMDS= non-Metric Multi-Dimensional Scaling
(nMDS).

Approximately two thirds (41 papers) of the multivar-
iate applications focused on hypogean species assemblages,
mainly dealing with invertebrates (hyporheos and fresh-
water stygobites; 15 papers) and with bacteria from
aquifers and hyporheic environments (12 papers). On the
other hand, the majority of population studies (i.e.
addressing a single species) were carried out in waterless
caves where the target fauna were troglobite arthropods
(insects and arachnids, eight papers) and trogophile
vertebrates (bats and rodents, 10 papers). There were no
multivariate records for cenotes, lava tubes or blue holes.

Subject-wise, studies using multivariate methods could
be allocated to four categories (Fig. 2). A total of 46% (31
papers) of the multivariate applications centered upon the
relationship between species assemblages and environ-
mental variables, 27 papers were on morphology/mor-
phometrics or genetics, or a combination of both (three
papers), of individual species, whereas seven papers were
published in the area of paleontology, occasionally
focusing on fossil hominids (two papers). A total of six
different multivariate methods were recorded in this
review, namely DA, PCA, CLUSTER, CCA, CA and
nMDS, in that order of popularity (Fig. 2), whereas in 11
abstracts the methods used were not mentioned. All the
multivariate methods except DA were employed in
describing environment-community relationships, while
DA was utilized in half of the morphological and genetic
studies on single species.
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DiscussioN

Classification and ordination multivariate statistics
have only been employed in the study of species
assemblages and population structure of subterranean
biota from the very beginning of the 1990’s onwards. Both
the total number of papers published and those that report
multivariate methods follow an exponential increase, a
popular trend across scientific literature often named after
Price’s model (Fernandez-Cano et al., 2004). The assimi-
lation of multivariate statistics in ecological subterranean
research responds to a two-fold development of this field
that basically enhanced the collection of quantitative data
amenable to these chiefly quantitative or semiquantitative
statistics. First, major subterranean research teams were
established in Europe and the USA in the 1980s (Gibert et
al., 1994) and this doubtless brought about an improved
development of more rigorous sampling techniques, as well
as a need to explore different avenues of research.
Secondly, in the last fifteen years, the explosion of
molecular analyses supplied an enormous amount of
quantitative information that was central to progressing
the systematics of subterranean fauna (Culver, 1982;
Sbordoni et al., 2000; Finston et al., 2007).

The application of ordination/classification methods is
larger for taxa that are most conspicuous and/or frequent
in subterranean habitats, basically insects and arachnids in
waterless caves, and crustaceans in hyporheos and fresh-
water caves. Up to two thirds of the multivariate cases were
applied to data from aquatic species which are generally
easier to sample quantitatively than their terrestrial
counterparts. Moreover, assemblages of aquatic taxa, both
invertebrates and bacteria, were often described by means
of ordination methods whereby indicator taxa were
identified in order to assess water quality of aquifers and
of phreatic and vadose environments. The six multivariate
methods reported in this literature review are among the
classical ones in ecological research. In fact, CLUSTER,
DA and PCA totalled just 50% of the case studies featuring
multivariate applications. Similar trends were found by
James and McCulloch (1990). The preferred use of DA in
genetic and morphometric studies, where differences in
subsets of individuals from populations and communities
are looked for, clearly takes advantage of the ANOVA-like
approach of this method.

However, despite the power of multivariate methods to
analyze a wide variety of data in biodiversity studies, the
intensity of their use can be regarded as low for research
into subterranean biota, with an average of only four
publications per year surveyed in SCI. Furthermore, less
than 20% of the total number of the different methods
available seems to have been employed, with no records of
those techniques described from the middle of the 1990s
onwards (see Introduction). Such a meagre utilization may
be for different reasons. On one side, despite there being
ample literature of quantitative studies focusing on



hypogean biota, the relatively low diversity, often mainly
recorded at small spatial scales, can turn into simplified
data sets that may be deemed unsuitable for multivariate
analysis. This can be exacerbated by the fact that many
subterranean habitats are fragmented, so causing confined
distributions of hypogean fauna (hence simple species
assemblages) with distinct taxa not overlapping but
occurring at sites geographically very close (Marmonier
et al., 1993; Sket, 1999; Gibert and Deharveng, 2002). On
the other side, survey efforts for unravelling diversity
patterns of subterranean biota are largely concentrated in a
group of localities in North America, Europe and
Australia. Proof of this resides in the fact that total
diversity of cave-dwelling fauna at global, landscape,
regional and even local scales is largely ignored (Culver
and Holsinger, 1992; Culver and Sket, 2001). Thus, less
research investment necessarily entails less publication
output, regardless the nature of the analytical approaches
carried out.

Cave and, principally, ground water ecosystems are
severely endangered in many parts of the world, and
precise management alternatives are urgently required
(Danielopol et al., 2003) whereby subterranean biodiversity
can represent a key indicator of ecosystem health (Sket,
1999). However, there is a general absence of keystone or
flag hypogean species, unlike other terrestrial ecosystems
where the distribution of species and assemblages of
commonly encountered vertebrates have proven useful
for management and conservation practices, including
identification of priority areas and regional patterns of
subterranean biodiversity. Despite considerable effort
being invested into describing broad biodiversity patterns
in Europe (Sket, 1999; Ferreira et al., 2003) and North
America (Peck, 1998; Christman and Culver, 2001), the
paucity of quantitative data elsewhere means that data are
reported in the form of species lists and graphical
representation of distributions is often poor, which limit
their impact on managers and decision-making groups. On
the premise that ordinations are good communication tools
(ter Braak, 1994), bio-regionalization of subterranean
habitats should benefit from ordination and classification
of sites for which abundance, or presence-absence, data of
hypogean taxa have been measured. This practice should
be stimulated in the future.

STATISTICS AND B1oLOGY: COMPLEMENTARY?

Overall, a number of academic, sometimes practical,
aspects hamper the access of biologists to multivariate
statistics. Some multivariate methods like PCA, and its
canonical analogous RDA, were described outside the
realm of biology, and their adoption by biologists lagged
behind for years. Others are relatively new, so they have
not yet joined up to most textbooks and are mainly taught
in (generally very expensive) specific training courses.
Furthermore, those multivariate methods that resort to
ordination solutions by permutations, like nMDS (Krus-
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kal, 1964), together with extremely complex algorithms,
like CCA (ter Braak, 1986), are computer-dependant and
could not be widely implemented until the 1970’s when the
second-generation supercomputers became openly avail-
able to the scientific community. Finally, from their initial
graduate training and thereafter, biologists are reluctant to
get into complex mathematics, which are too often taught
by non-biologists as an isolated subject not integrated in
the many-fold disciplines of biology and unrelated to lab
and field studies (see Johnson et al., 2001 for recommen-
dations to achieve sound statistical training and back-
ground in environmental research). Additionally, statistical
instruction and utilization may sometimes be misleading.
Thus, many authors have documented an ill-use of
statistics in ecology and wildlife research regarding their
application or the reporting and interpretation of results
(James and McCulloch, 1990; Johnson et al., 1999;
Stephens et al., 2005). Sometimes mistakes may linger on
unnoticed for both naive and experienced statistical users
and conceptual confusion prevails over the years, even for
well-established concepts. For instance, Hubbard and
Bayarri (2003) made a poignant observation on the
pervasive confusion between p confidence values and o
error rates in hypothesis testing, yet it is striking that
Ellison (2006) confused both concepts, (ironically) after
citing Hubbard and Bayarri (2003), in her high-ranked
journal review on Bayesian inference. Back to multivariate
analysis, McCune and Grace (2002) were unable to cite
appropriate or adequately justified applications of CA in
the literature of community ecology, while James and
McCulloch (1990) “could not find a single application of
multiple regression to recommend as a good example” after
reviewing in the highly ranked journals of ecology and
systematics.

In summary, the statistical tools are widely accessible,
but they are often misused, badly-reported and (not
surprisingly!) generally feared by biologists. See Table 1
for a synthetic list of online resources for multivariate
statistics covering mailing lists, free and major commercial
software, biostatistical experts’ web pages, training courses,
and research journals within the fields of biology and
ecology. An illustrative starting point for those interested
in improving the standards of statistical reporting should
read the papers by David Anderson, Douglas Johnson and
collaborators (see Anderson et al., 2001, Johnson et al.,
2002, and references therein) for inferential tests, and by
James and McCulloch (1990) and Paukert and Wittig
(2002) for multivariate statistics. Lastly, universities
hosting programs on environmental sciences should be
encouraged to improve (multivariate) statistical training by
tailoring it to the needs and disciplines of students. By facing
real world problems (instead of only card games, lottery
probabilities and the like) biologists’ attitudes towards
statistics may improve, while their future academic and
professional profiles would be enhanced further by attaining
an early environment-focused statistical background.
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Table 1. On-line resources addressing multivariate statistical methods in environmental sciences.

Link

Brief Description

http:llwww.okstate.edulartscilbotanylordinatel

hitp:llwww.okstate.edulartscilbotanylordinatel
ordnews.htm
http:llwww.classification-society.org

http:llwww. classification-society.orglcsnallists.
html#class-1
http:llcc.oulu.fil ~jarioksal

http:llwww.stat.auckland.ac.nzI~mja
http:llwww.bio.umontreal. callegendrel

http:llwww.r-project.org/
http:Ilwww.highstat.com
http:llregent.bf jcu.cz

http:llhome. centurytel.net/~mjm/
http:llwww.primer-e.com
http:llaerg.canberra.edu.aulenvirostats/
http:llwww.statistics.com/
http:llbiomet.oxfordjournals.orgl/
http:llwww.springer.comllife+scilecologyl
Journall 10651
http:llwww.elsevier.comlwpslfind/
Journaldescription.cws_homel622892/
description#description
http:llwww.springer.comlstatisticsl/statistical
+theory+and+methodsljournal/357
http:llwww.sciencedirect.comlscienceljournall
0047259X

A bible of ordination methods by Mike Palmer at Oklahoma State
University (USA).

Mailing list on ordination methods, though a wide range of statistical
topics is discussed.

International Society of Classification, including links with branches
world-wide.

Mailing list on classification methods.

Personal page by Jari Oksanen at Oulu University (Finland). Free
software available.

Personal page by Marti Anderson at Auckland University (New
Zealand). Free software available.

Personal page by Pierre Legendre at Montreal University (Canada). Free
software available.

Free software environment for statistical computing and graphics.

Training courses and BRODGAR software by Alain Zuur (Scotland).

Training courses and CANOCO software by Jan Leps and Petr Smilauer
(Check Republic).

Training courses and PCOrd software by MjM Software Design (USA).

Training courses and PRIMER software by Bob Clarke (UK).

On-line training courses at Canberra University (Australia).

On-line training courses (USA). Not specifically environmental.

Biometrika (Research journal, Oxford University Press).

Environmental and Ecological Statistics (Research journal, Springer).

Environmetrics (Research journal, Wiley Inter-Science).

Journal of Classification (Research journal, Springer).

Journal of Multivariate Analysis (Research journal, Elsevier).
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APPENDIX
Papers using multivariate classification and ordination methods for analyzing data from subterranean biota as retrieved from
the Science Citation Index (1945-2006).
CLASSIFICATION (numbers correspond with the list of publications further below):

By biota:

Marine benthos (sponges)

9,30,64

Microfauna, mainly bacteria
2,6,8,11,15,21,28,32,40,42,46,53,58

Stygobite invertebrates
1,13,16,17,20,22,25,26,33,36,37,43,44,45,47,54,56,57,60,61,63
Troglobite/Troglophile invertebrates
4,5,10,14,18,23,38,49,62

Troglophile/Trogloxene vertebrates
3,12,19,24,27,29,31,34,35,39,48,50,51,52,55,59,65
Vegetation

7,41

By habitat:

Subterranean waters, mainly aquifers
2,8,15,28,32,40,42,46

Hyporheic environment
3,18,21,25,27,28,32,41,44,48,52,54,56-59
Freshwater caves

1,20,35,36,37,45,61,63

Marine caves

3,9,17,30,64

Waterless caves
4,5,7,10,11,12,14,16,18,19,23,24,27,29,31,34,38,39,41,48-52,55,59,62,65
By multivariate method:

Canonical Correspondence Analysis (CCA)
1,9,22,26,36,54,57

Classification Analysis (CLUSTER)
9,11,13,15,17,20,31,42,64

Correspondence analysis (CA)

31,52,64

Discriminant Analysis (DA)
5,12,18,20,27,29,35,38,39,45,49,51,65

nonmetric Multi-Dimensional Scaling (nMDS)
3,6,9,14,30

Principal Component Analysis (PCA)
7,8,21,23,27,32,37,40,42,46,48-50,52,55

By subject:

Biota response to environment
1,2,3,6,8,9,15,17,21,22,25,26,28,30,31,32,33,36,42,43,44,46,47,53,54,56-58,60,64
Genetics

5,10,11,12,24,37,39,62,63
Morphology/Morphometrics
4,14,16,18,20,23,24,29,35,38,45,49-51,59,61,63,65
Paleontology

7,19,27,41,48,52,55

Sampling methods

13,40
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