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Abstract: The PD measure of phylogenetic diversity interprets branch lengths cladistically
to make inferences about feature diversity. PD calculations extend conventional species-
level ecological indices to the features level. The “phylogenetic beta diversity” framework
developed by microbial ecologists calculates PD-dissimilarities between community
localities. Interpretation of these PD-dissimilarities at the feature level explains the
framework’s success in producing ordinations revealing environmental gradients. An
example gradients space using PD-dissimilarities illustrates how evolutionary features
form unimodal response patterns to gradients. This features model supports new
application of existing species-level methods that are robust to unimodal responses, plus
novel applications relating to climate change, commercial products discovery, and
community assembly.
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1. Introduction

Cladistic analyses are based on a well-known assumption about the relationship between features
(character states) and phylogenetic pattern: shared ancestry can account for shared features among
taxa. That fundamental model is a basis for inference of phylogeny from observed character data for a
set of taxa. Cladistic parsimony methods prefer trees that maximize this particular explanation of
character variation; most-parsimonious trees equivalently minimize the sum of branch “lengths” that
count character state changes. This inference of phylogenetic trees from characters is well-established,
but this same cladistic model also means that we can “work backwards”. Starting with a phylogeny
and some estimate of branch lengths, we can make inferences about the relative number of features
arising in a given branch, and the relative feature diversity of a given set of taxa. The well-known PD
(phylogenetic diversity) measure [1,2] in this way explicitly links the cladistic model to measures of
feature diversity or PD. The PD measure is based on the assumption that shared ancestry indicates
shared features. Faith [1,2] also has discussed the robustness of PD to convergent evolution and other
departures from this model.

Interpretation of PD as counting-up features for different sets of taxa means that we can interpret
various PD calculations as in effect operating at the features level. A family of PD measures now
extends conventional species-level measures and indices to the features level [3]. For example, “PD-
endemism” [4] uses phylogenetic branch lengths and geographic distribution information to indicate
the extent to which evolutionary features are restricted to a given region.

In this paper, we extend PD’s cladistic interpretation of phylogenetic branches as a proxy for
evolutionary features. Microbial ecologists have developed a PD-based dissimilarity measure based on
calculations using branch lengths. We will show how interpretation of these PD-dissimilarities at the
level of features provides a model that justifies the microbial approach and points to new applications.

2. Microbial Ecology and PD-Dissimilarities

Microbial ecologists demonstrate well that necessity is the mother of invention. In the absence of
conventional species-level data, they have developed innovative ways to study patterns of microbial
diversity—for example, using only microbial phylogenetic patterns inferred from molecular sequence
data. Pioneering work includes a useful approach that microbial ecologists call “phylogenetic beta
diversity” [5-8]. “Beta diversity” is an ecological term conventionally applied at the species level. It
refers to measures of the turnover in species composition among sample sites [9]. When two sites are
compared, beta diversity can be indicated by a measure of their dissimilarity in species composition.
Microbial ecologists have calculated these dissimilarities using phylogenetic patterns. The
phylogenetic dissimilarities in their phylogenetic beta diversity studies are based explicitly on PD
calculations using branch lengths [5,8]. Thus, these dissimilarities (see also [10]) extend early versions
of PD-dissimilarity, as in the calculation of the total branch length found in one locality but not in
another (“PD-complementarity” [1,4]).

PD-dissimilarities among localities (or between sets of localities) are calculated using phylogenetic
tree branches, producing measures analogous to Bray-Curtis and other species-level dissimilarities
[11] (Figure 1). These phylogenetic dissimilarities have been used in ordinations to reveal key
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environmental gradients, as in the discovery that salinity helps explain global microbial phylogenetic
beta diversity patterns [6]. A software toolbox, UniFrac [5], has extended phylogenetic beta diversity
applications, supporting ordination and other dissimilarities-based analyses, including regressions,
clustering, randomization tests, and various other diagnostics [5,8].

Figure 1. A portion of a hypothetical phylogenetic tree showing 5 taxa. There are two
localities, j and kK, indicated by rectangles at the top of the tree. For each locality, ‘+’
designates presence of a taxon. Blue branches are only represented in j; red branches are
only represented in k; green branches are represented in both; the gray branch in neither.
These designations can be used to calculate PD-dissimilarities. For details, see text
following the figure.

i|+ + |

k| + + + |

The PD-complementarity [1,4] of j, given k, counts the gain in branch representation (the blue
branch lengths), and the PD-complementarity of k, given j, similarly counts the red branch lengths.
A PD-dissimilarity, analogous to the presence-absence version of Bray-Curtis dissimilarity [10],
counts the branches represented in j, not k (length of blue branches), plus the branches represented
in k, not j (length of red branches), divided by the sum of the total branch length represented in
each (length of blue plus length of green branches, plus length of red plus length of green branches).
Both Lozupone and Knight [8] and Ferrier et al. [10] have recognised a family of PD-dissimilarities
that vary in how these matched and miss-matched branch counts are combined. The microbial study
of Bryant et al. [11] applied a measure equivalent to the Bray-Curtis type PD-dissimilarity defined
in [10]. UniFrac [5] applications have calculated the number of features in j, not k (length of blue
branches), plus the number of features in k, not j (length of red branches), divided by the sum of
the total number of features found in either (length of blue plus length of red, plus length of shared
green branches). This is a phylogenetic analogue of one of the Bray-Curtis type measures found to
be most robust by Faith et al. [12]. Note that for the UniFrac and other PD-dissimilarities, the green
branch on the left side is recorded as shared by j and k, even though the two sites do not share any
of the species descendent from that branch.

UniFrac has been applied broadly in microbial biology, with more than 80 papers using it to
compare microbial assemblages, as of this writing. These include bacterial [13,14], archaeal [15],
eukaryotic [16,17], and viral [18,19] assemblages important for understanding human health and
disease [20-24], bioremediation [25], and basic ecology and evolution [11,26,27]. The ordinations
have revealed a diversity of environmental gradients, such as a seasonality gradient for house dust



Int. J. Mol. Sci. 2009, 10 4726

microbial communities [14], a diet gradient for mammal faecal microbial communities [28], and a
depth gradient for layers in a microbial mat [13].

The microbial studies have laid the foundations for phylogenetic beta diversity studies by
demonstrating repeatedly that PD-dissimilarities recover gradients, and may accomplish this better
than non-phylogenetic analyses [29]. In addition, microbial ecologists have also tested the sensitivity
of phylogenetic beta diversity patterns to various factors. For example, phylogenetic beta diversity
appears to be robust to imperfections in phylogenetic tree construction. In one example, when a
comparison of bacteria from hot spring sediments collected across temperature and chemical gradients
was performed using trees generated with several of the most popular methods of phylogenetic tree
constructions, similar ordination patterns were observed despite considerable differences in both
topology and branch lengths in the trees [8]. The UniFrac software [5] also provides a jackknifing
technique in order to investigate sensitivity of results (e.g., clusters) to sampling intensity as reflected
in variation in number of sampled taxa. Microbial ecologists also have demonstrated the flexibility of
the UniFrac approach for investigating key processes, including detection of horizontal gene transfer,
where phylogenetically disparate organisms in similar habitats converge in gene content [30].

The range of successful studies suggests that these methods could be the basis for broader
applications of phylogenetic beta diversity in evolutionary ecology. This is a timely issue given recent
promotion, by Graham and Fine [31], of “phylogenetic beta diversity” as an exciting new frontier, but
without reference to the established “phylogenetic beta diversity” applications of microbial ecology.
Similarly, other recent work [32], while acknowledging a range of possible approaches falling under
the term, “phylogenetic beta diversity”, do not cite the origin of this term in the earlier study of
Lozupone et al. [7] (see also [5]).

Graham and Fine did refer to possible phylogenetic beta diversity measures: “similarity between
communities, such as the Jaccard or Sorenson’s index also could be explored...this metric could be
calculated as the total branch length covered by shared species relative to the total branch length
covered by all species in both communities.” However, this suggestion does not capture the insight,
embodied in the established PD-complementarity and PD-dissimilarity measures, that two sites can
share (represent the same) branches even without sharing any species (Figure 1; see also [33]).

The recent new-frontiers perspective therefore contrasts with the well-established use of specific
PD-dissimilarities in the microbial phylogenetic beta diversity studies. Indeed, given that PD-
dissimilarities have been trialed successfully in microbial ecology, it is tempting to simply recommend
that approach for general use. However, there are alternative ways to calculate some kind of
phylogenetic distance between samples or communities. For example, Webb et al. [34] describe
“phylogenetic ordinations” that measure phylogenetic distance between samples by calculating the
average branch-length (phylogenetic path-length) distance, over all possible pairings produced by
taking one taxon from each sample.

While acknowledging that there are a range of approaches, we will argue that PD-dissimilarities
have desirable properties as a general foundation for considering environmental gradients and
phylogenetic beta diversity. We will support this claim by providing a so-far missing ingredient in
phylogenetic beta diversity studies—a general model linking specific PD-dissimilarities to
environmental gradients, and to corresponding robust analysis methods. Our rationale is that: (1) based
on the underlying cladistic model, PD-dissimilarities approximate the quantities we would get if we



Int. J. Mol. Sci. 2009, 10 4727

could directly calculate dissimilarities using evolutionary features, (2) evolutionary features in turn can
be linked, by a simple “unimodal response” model, to environmental gradients, and (3) PD-
dissimilarities relate to unimodal response of features in the same way that conventional robust
dissimilarities relate to unimodal response of species - allowing phylogenetic application of the
existing robust analysis methods for inferring environmental gradients. This model not only will
justify the general application of the microbial phylogenetic beta diversity approach, but also will
provide a robust foundation for new applications such as product discovery and monitoring for human
impacts.

3. The Unimodal Response Model for Evolutionary Features

There is a well-established link at the species level between dissimilarities among localities and
gradients or ordination space. Under a model of general unimodal species’ “response” to gradients,
Bray-Curtis (and related) dissimilarities are approximately monotonically related to distances in the
underlying gradients space [12]. Ordination methods, such as Hybrid Multidimensional Scaling, have
built on this relationship to provide robust methods for inference of environmental gradients [12,35].

This same robust framework may extend from species to phylogeny. While PD-dissimilarities
operate by counting-up shared versus not-shared branch lengths, interpretation of these calculations at
the level of evolutionary features helps establish a link between observed communities and underlying
environmental gradients. Based on PD’s cladistic model, PD-dissimilarities, which were interpreted as
calculations using branch lengths in Figure 1, also can be interpreted as if we had calculated
dissimilarities directly on the evolutionary features represented by branches (Figure 2a). This
interpretation suggests that we can borrow from the established rationale for linking species-level
dissimilarities to gradients: a Bray-Curtis type PD-dissimilarity will provide robust inference of
gradients—when a unimodal response at the level of features is present. This means that evolutionary
features, including those represented by non-terminal phylogenetic branches, would have general
unimodal responses to gradients (Figure 2b). Such a unimodal model for features is plausible (e.g.,
[36,37]), but has not been evaluated for any of the microbial studies where PD-dissimilarities have
recovered environmental gradients.

We re-examined the gradient space, derived using Bray-Curtis type PD-dissimilarities, from Rintala
et al.’s recent study [14] of house-dust microbial communities. This UniFrac analysis had recovered
underlying environmental gradients, including those related to different buildings and to different
seasons. We recorded the taxa—and therefore the phylogenetic branches—represented by (“present
in”) each sample locality, and then examined the positions in gradients space of all those sample
localities representing any given branch. We assessed unimodal responses by recording as “unimodal”
each case where a simple convex shape could enclose all those sample localities representing a given
branch (and so the features represented by the branches), and not include any other localities.
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Figure 2. A hypothetical phylogenetic tree, and the distribution of taxa in two localities,
illustrates the link to distributions of features along environmental gradients. For details,
see text following the figure.
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(a) The portion of a hypothetical phylogenetic tree showing 5 taxa, and two localities, j and k, from
Figure 1. We now interpret the branch lengths as counting derivation of evolutionary features,
according to the PD model [1,2], and we graphically indicate these features with tick marks in
accord with the original PD studies [1,2]. The blue branches indicate features only represented in j;
red branches indicate features only represented in K; green branches indicate features represented in
both; the gray branch indicates features in neither. The PD-dissimilarity, analogous to the presence-
absence version of Bray-Curtis dissimilarity [10], counts the number of features in j, not k (length
of blue branches) plus the number of features in k, not j (length of red branches), divided by the
sum of the total number of features found in each (length of blue plus length of green branches,
plus length of red plus length of green branches). (b) Because each branch represents new
evolutionary features arising along that branch, showing the set of sites (along a hypothetical
underlying environmental gradient) that represent a given branch also shows the set of sites that
have the corresponding features. This gradients diagram illustrates unimodal responses for such
evolutionary features. The hollow-line arrow is a hypothetical gradient with localities i, j, k, and I.
Under the unimodal response model, the features in both j and k (green branches in (a)) form the
green line segment, with a black line graphically indicating the identical distribution of the
corresponding features along the gradient. Blue and red branches from (a) similarly correspond to
line segments along the gradient, representing the distribution of the corresponding features along
the gradient. Line segments are stacked above the gradient in order to show individual coloured
distribution extents. These line segments reflect the simple presence-absence case of unimodality
(“binary” case [12], see also [36]). Abundance information would transform the segment into a
single-peaked curve, where some point along the segment corresponds to maximum abundance.
Under the assumptions of the unimodal model, Bray-Curtis type PD-dissimilarities (including that
in UniFrac), applied to observations on the presence/abundance of features (branches) in localities,
can be used in robust ordination methods to recover key gradients.
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We found unimodal response patterns in the gradient space (Figure 3), even for the non-terminal
phylogenetic branches (corresponding to 56 named families; see Figure 2 in [14]). This strong pattern
linking features to gradients provides some first evidence supporting this model and methods
combination as a robust framework for phylogenetic beta diversity. It suggests that the general success
of microbial phylogenetic beta diversity studies can be attributed to the use of PD-dissimilarities that
are robust to general unimodal response of evolutionary features to gradients. This robustness means
that the PD-dissimilarities, like robust species-level dissimilarities [12], will have an approximately
monotonic relationship to distances in the underlying gradients space, providing a pathway for
inferring gradients from observed phylogenetic community differences. We anticipate that future
phylogenetic beta diversity studies, using UniFrac and other PD-dissimilarities, will reveal key
environmental gradients and further document unimodal response patterns for the features represented
by phylogenetic branches.

Figure 3. A re-drawing of the gradient space from Rintala et al. [14] for microbial
communities in house dust. Dots versus squares correspond to samples from two different
buildings (for details of sampling see [14]). Arrows at the right side indicate major
gradients revealed by the ordination. A sample locality represents the branch
corresponding to a given family if the locality has one or more descendants of that branch.
For details, see text following the figure.

AN

L ]
\ house-related
. .> ] ) season-related

7

Unimodal response was recorded when a shape can enclose all sample localities representing a
given branch, and not include any other localities. The coloured shapes illustrate unimodal response
patterns for the non-terminal phylogenetic branches represented by identified families in the
phylogenetic tree used in their study (see Figure 2 in [14]). As for Figure 2b, the diagram indicates
binary unimodal response. Green shape—Acidaminococcaceae, Purple shape—Aerococcaceae,
Orange shape—Enterobacteriaceae, Blue shape—Acetobacteraceae. For Rintala et al.’s full 3-
dimensional gradients space, of the 56 identified families (representing phylogenetic branches) all
but 3 form a clear unimodal response. For the 8 higher level taxa identified by Rintala et al., all but
1 forms unimodal response by our criterion. However, at this higher taxonomic level, many of the
taxa appear at all sites. Complete unimodality assessments are available from the corresponding
author of this paper.
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This result does raise the question as to whether conventional species-level analysis—which also
can reflect response of evolutionary features to gradients - might provide enough information on its
own to recover gradients. We suggest that use of phylogenetic pattern generally will improve recovery
of gradients, based on unimodal response patterns for the features represented by deeper branches. A
reason is that the successful recovery of gradients is enhanced when there are unimodal responses
spread over the length of the underlying gradient, and the deeper branches help provide this. This
contribution of deeper branches may explain cases [11,29] where phylogenetic level analysis differs
from species level analysis (see also [38]). This conjecture calls for investigation through other case
studies.

Our interpretation of phylogenetic beta diversity and PD-dissimilarities at the feature-level has
taken advantage of the fundamental cladistic model in which *“shared ancestry accounts for shared
features”. This in turn has helped to document a companion feature-level model for ecology where
“shared environment accounts for shared features” (see also [36]).

4. Some Implications for Choice of Methods Used to Explore Patterns of Diversity

Different disciplines, including microbial ecology, tend to favour different multivariate methods to
study community patterns [39]. The unimodal response model can help to identify those methods that
deserve more general application. Certainly, any preferred method must be robust to departures from
strict unimodality, given that the unimodal model does not demand that all feature responses are
perfectly unimodal (for discussion, see [12,40]). This argument supports the use of robust ordination
methods such as Hybrid Multidimensional Scaling [12]. Robustness is also an issue for cluster analysis
methods. Clustering of PD-dissimilarities from UniFrac has been used to reveal environmental factors,
as in the finding that different soil types are reflected in clusters of bacterial communities [41]. Perhaps
such clustering will be most successful when the clustering method is one that implicitly views the
clusters in continuous gradients space, and is compatible with an underlying unimodal model
(e.g., [42)).

Central to all these robust approaches is the expectation that Bray-Curtis type PD-dissimilarities
(Figures 1 and 2) will have a relatively tight monotonic relationship with ordination/environmental
distances, paralleling the relationship already described at the species level [12]. This monotonic
relationship, under the unimodal response model, explains why we can expect well-defined patterns of
“distance decay” (compare to [11,43]), in which dissimilarity increases with environmental or
geographic distance.

Koleff et al. [44] discuss a wide range of beta diversity measures at the species level for presence-
absence data. All of those measures have direct phylogenetic beta diversity counter-parts, through PD
calculations based on the counting of matches and mismatches as in Figure 1. Koleff et al. linked
properties of beta diversity measures to gradients. Koleff et al. sought dissimilarity measures such that
the beta diversity (e.g., dissimilarity) between two localities far away on a gradient would be the sum
of values between localities along the way. This goal appears to be unrealistic under a model of
unimodal response. The monotonic relationship between dissimilarity and gradient distance that results
under the unimodal response model [12] means that the overall value will be less than this sum of
individual values. Thus, the criterion proposed by Koleff et al. could lead to a preference for a less
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robust dissimilarity measure. If beta diversity is to have some strong link to inference of gradients,
then Bray-Curtis type measures [12] have special status, both for species and phylogenetic
dissimilarity calculations.

The monotonic dissimilarity/distance relationship also justifies the use of Bray-Curtis type PD-
dissimilarities in regressions of compositional dissimilarities on environmental distances. Generalized
dissimilarity modeling (GDM [10]) is an extension of matrix regression that allows for a monotonic,
curvilinear, relationship between increasing environmental distance and compositional dissimilarity,
and allows also for variation in the rate of compositional turnover at different positions along
environmental gradients. GDM has been suggested as a useful approach for predicting
PD-dissimilarities (e.g., for predicting the dissimilarity between two un-sampled localities [10]). The
unimodal response model supports an expectation that GDM will successfully predict Bray-Curtis type
PD-dissimilarities.

5. Some Implications for Methods Used to Explore Processes Driving Community Composition

A good fit between PD-dissimilarities and ordination/environmental distances (e.g., as indicated by
a significantly low stress value in a multidimensional scaling) will suggest that sites that share features
or branches also have similar habitats. Thus, the unimodal model combined with robust ordination
methods provides a framework for exploring “habitat filtering” (e.g., [11,45]), where the distribution
among sites of features/branches is largely determined by limiting environmental or habitat factors
(Figure 3).

The other major factor in determining community composition, competition between species, would
appear to be less clearly addressed by the gradient-space approach. An hypothesis of competition as a
determinant might be supported by finding patterns where there is evidence of phylogenetic
“repulsion”—in which closely related species are less likely to co-occur in a community [46]. Recent
phylogenetic approaches to this problem (e.g., [45,47,48]) interpret phylogenetic over-dispersion in a
community (where closely related species do not co-occur) as evidence of competition. Some studies
have attempted to first use environmental factors to explain community composition, and then have
asked whether there remains evidence for over-dispersion [48].

This kind of approach might be enhanced by phylogenetic beta diversity analyses. The unimodal
response of features in gradients space provides a natural way to explore evidence for competition,
after taking into account environmental filtering. For example, suppose that the expected
correspondence between PD-dissimilarity and environmental distance is defined by the GDM
regression method [10], and then the predicted dissimilarities based on GDM-scaled environmental
distances are used to derive the ordination. Because the environmental distances determine location of
sites in ordination space, two communities with very similar environmental values may be forced
together even if they have some degree of PD-dissimilarity. This result would correspond to some high
residual dissimilarity values in the GDM regression (for examples of GDM residuals, see [10]). These
residuals may reflect cases where closely related lineages do not occur in the same site, but do occur in
separate sites that are similar environmentally.

Such initial evidence for competition would be strengthened by examining individual clades,
corresponding to non-terminal branches, and their descendent lineages, in the gradients space. While
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model residuals reflect the entire phylogeny, an individual clade might provide evidence for
competition within that clade. Figure 4 illustrates possible patterns that might be observed in the
ordination space based on the distribution among sites of the clade and its descendent lineages.
Scenario (c) suggests that competition could have been a determinant of community composition.
Here, different lineages/features, within the larger clade, do not occur in the same sites/communities.

Figure 4. An example based on a simple phylogenetic tree and a gradients space illustrates
inferences about competition and habitat filtering. For details, see text following the figure.

(@) (b) (©)

(d) (e) (f)

(@) A portion of a hypothetical phylogenetic tree used to calculate PD-dissimilarities among sites.
The tree portion shows an ancestral branch (black) and three descendent branches (blue, green,
purple), leading to three descendent species. (b) A hypothetical gradient space in which the
expected correspondence between the PD-dissimilarities and environmental distances is defined by
the GDM regression method, and then the predicted dissimilarities based on GDM-scaled
environmental distances are used to derive an ordination [10]. Sample sites are shown as black dots.
(c) The black oval outlines the distribution among sites of the ancestral black branch in (a). The
distribution among sites of the three branches from (a) are shown as ovals. As in Figure 2, the
distribution among sites of branches indicates the distribution of corresponding features. The
branches corresponding to the 3 species do not co-occur, and the differences in distribution among
sample sites are not explained by habitat filtering. This pattern supports an hypothesis that
competition has been a determinant of community composition. (d) Based on coloured ovals
defined as in (a), the pattern shows that the species partition the gradient space and do not co-occur
in communities. However, competition is not strongly implicated, as habitat filtering can explain
the species distributions in space. (e) Here, species partly overlap and also to some degree show
habitat filtering. Competition is not implicated. (f) The species co-occur in the same communities.
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To illustrate this approach, we re-examined the Rintala et al. study [14] and searched for patterns
illustrating these scenarios. Figure 3 showed distributions for Acidaminococcaceae (Purple) and
Aerococcaceae (Green), two of 12 listed families [14] within the phylum Firmicutes. All sample sites
have at least one family from this phylum. Further, the different families, including
Acidaminococcaceae and Aerococcaceae (Figure 3), often co-occur in the same sites [14]. The pattern
in gradients space for Firmicutes therefore resembles Figure 4e. The combination of unimodal
response patterns for the families, and the occurrence of these families in many of the same sites, does
not provide any evidence for competition at this level.

When a scenario similar to Figure 4c is found, the evidence for competition will be stronger if:

(1) Co-occurrence in sites of the lineages within that larger clade is significantly low, as indicated
by an appropriate randomization test.

(2) The unimodal response pattern for these lineages (clumping of those sites having the lineage) is
absent, suggesting that distribution of the lineage among sites is not simply determined by further
specialization within environmental space.

(3) The GDM residuals for specific pairs of sample sites (where both sites contain members of the
larger clade) correspond to higher PD—dissimilarity values than expected.

These forms of evidence suggest that unimodal response patterns in gradients space - including
those for deeper phylogenetic branches - provide a unique opportunity to explore the relative roles of
habitat and competition determinants of community composition. These approaches could add to the
expanding toolbox of methods linking phylogeny and community assembly (for review, see [49]).

6. Extending Phylogenetic Beta Diversity Applications

The unimodal model supports inference of a gradients space, but the model also allows us to
reverse the inference process—using the gradients space to make predictions about features. A useful
property of the unimodal model for phylogenetic beta diversity is that it informs us about patterns of
turnover in features as we move across the gradients space. We expect to find communities with many
different features if we move to a community far away in the space. Suppose we have a new
prospective sample locality which has not yet been sampled, but has a known position in gradient
space based on its environmental values (e.g., using scaled environmental distances from GDM). We
can predict how many new features (relative to all the existing sample localities) would be contributed
by the new sample locality. In conventional “survey gap analysis” [10], a method, “ED”
(“environmental diversity” [50,51]) uses p-median and related criteria to assess how big a gap would
be created in gradients space if a site were removed. This gap-size, or ED-complementarity value,
indicates the number of new species represented by a new sample site, under an assumption of species’
unimodal responses [for an example of ED calculations, see [51]). We can use the same ED method to
predict feature gains, assuming unimodal response at the features level. Thus, the unimodal model
justifies the application of the ED approach for survey design, to evaluate localities that may offer not-
yet sampled microbial diversity (more generally, any phylogenetic diversity).
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6.1. The Search for New Commercial Products

Phylogenetic survey gap analyses may greatly extend the use of phylogenies to search for new
commercial products. The PD measure is already well-established as a way to sample phylogeny in
order to maximize representation of useful feature diversity. For example, Forest et al. [52] illustrated
how choosing a representative set of plant taxa based on PD would maximize the probability of having
representatives of identified classes of human-use. Pacharawongsakda et al. [53] recently established a
microbial sampling program based on PD assessments, with the goal of finding new commercial
products.

PD is an effective strategy when we are working with specific phylogenetic trees, but PD-
dissimilarities and phylogenetic beta diversity may extend these applications. The inference of a
gradients space, followed by application of the ED survey gap methods, could provide needed
phylogenetic and geographic extrapolation. First, ED may predict which communities/places offer new
features, not just for the phylogeny used to derive the gradients space, but for other phylogenies as
well—assuming these same environmental gradients are relevant to the other taxonomic groups.
Second, because ED builds on GDM and other methods to place new, unsampled, localities in
gradients space, it is possible to judge new sites’ likely contribution of new features and products. PD
on its own cannot provide these broader predictions.

6.2. Monitoring Human Impacts

We have described how the general unimodal response pattern of features in gradients space allows
inferences about the expected phylogenetic community composition at new sample sites that have
known environmental values, but unknown composition. This kind of prediction of composition at
new sites is the basis for an important form of monitoring for human impacts. Programs such as
AUSRIVAS (e.g., [54]) use community-level models to link environmental variables to community
composition (using species or higher taxonomic levels). This predictive link is established for a
“reference” set of relatively pristine localities. These monitoring programs then can evaluate a new
locality, making a prediction of the expected community composition, based on the locality’s
environmental values. The actual community composition at this new site then is observed and
recorded. Human impact may be inferred if the observed and expected communities are very
different [54].

A key to effective monitoring of this kind is a strong model that can predict expected community
composition using only environmental variables. The phylogenetic unimodal model, and
corresponding GDM predictions of PD-dissimilarities, can provide these predictions. This establishes
as a basis for monitoring regional impacts on phylogenetic diversity. In the simplest case, we then can
compare a new sample site to a single, environmentally similar, reference site. We then can ask how
well the new site’s expected PD-dissimilarity to the reference site (based on GDM) corresponds to the
observed PD-dissimilarity (calculated after sampling the new site).

Better tests might use a gradients space, with localities given by multiple reference sites. For
example, consider impacts involving loss of lineages/features and a gradients space derived using
phylogenetic beta diversity. For each phylogenetic branch, we calculate a convex hull in the space
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around all those sites having that linage (Figure 5). We then locate a new site in the gradients space,
using GDM. We are interested in those cases where the new site falls within a convex hull for a given
phylogenetic branch, but the site does not itself have (any descendants of) that branch/lineage. We can
assess the probability that a reference site within that convex-hull-defined region of gradient space
would not have that lineage. As an example, Figure 5 illustrates the assessment for two lineages. For
the lineage on the left, the absence of that lineage in the red-dot site is assessed as improbable—all
reference sites in the convex hull have the lineage. The red-dot site is interpreted as possibly impacted.
For the lineage on the right, absence of that lineage in the green-dot site is not assessed as improbable,
because the lineage also is absent in some reference sites falling within the convex hull of the lineage
(Figure 5). The green-dot site is not interpreted as a site calling for investigation of possible impacts.

Such an assessment can be repeated for all lineages. An hypothesis of impact is well-corroborated if
it is highly improbable that such a new site, viewed as an additional reference site, could have had so
many missing lineages (for discussion of similar corroboration assessments in monitoring, see [55]).

The inference of impact at a site may be followed up by an assessment of the consequent loss in
phylogenetic or feature diversity. The ED calculus allows assessment of the loss in features if a site is
“lost” — for example, because of human impacts [50,51]. The phylogenetic beta diversity framework
therefore provides a basis for assessment of losses, and may support new initiatives for regional and
global scale monitoring of genetic and phylogenetic diversity.

Figure 5. A hypothetical two dimensional gradient space in which solid and hollow dots
are reference sample sites. The distribution among sites of two phylogenetic lineages is
shown by two corresponding convex hulls (in blue). Solid dots represent reference sites in
which the corresponding lineage is present; hollow dots represent reference sites in which
the lineage is absent. In each case, a site (red dot, green dot) to be evaluated for impacts
has been positioned in the space based on its environmental values.

One of the approaches considered as part of a global biodiversity observation network (GEO BON
[56]) would use gradients-space models, and methods such as ED, to create a biodiversity “lens” for
interpreting remotely-sensed changes in land/water condition. A locality in gradients space may be
judged through remote sensing as degraded, and ED estimates the consequent biodiversity loss.
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The gradient space examples illustrated in this study (e.g., Figure 3) demonstrate that the unimodal
model for phylogenetic beta diversity enables these biodiversity lens strategies to extend to phylogeny-
based models. Thus, the phylogenetic beta diversity framework may allow GEO BON to make
effective use of cases (as in microbial ecology) where phylogenetic estimates precede taxonomic work.
Methods such as ED then can assess losses in phylogenetic diversity. Lens applications of this kind
will also take advantage of the phylogenetic estimates, and associated geographic distribution data,
produced by emerging large-scale DNA barcoding programs (for discussion, see [57]).

GEO BON and related programs also may explore scenarios in which human impacts change the
values of environmental variables for localities. We have already described ED-based prediction of
additional features gained from new sample localities; this kind of calculation naturally extends to the
evaluation of existing localities that have changed in environmental values, and so moved to a new
position in gradients space. Such a shift in position may be expected under climate change scenarios,
when one or more gradients in the environmental space correspond to key climate-related variables.
We can predict new phylogenetic community composition under climate change scenarios by using the
unimodal features model and ED analyses (Figure 6).

Figure 6. Under the unimodal model, climate change scenarios can be interpreted as
causing loss of phylogenetic diversity (evolutionary features) and/or producing new
community combinations of features. A hypothetical climate gradient (yellow arrow)
shows positions of four localities i, j, k, and |I. ED calculations indicate changes in
communities under climate change scenarios. For details, see text following the figure.

A4

5

Using ED, and its assumption of unimodal response to gradients, we can interpret features as
uniformly distributed along the climate gradient, with a uniform distribution of extent-sizes along
the gradient. Here, four such features are shown, represented by the blue, red, green and purple line
segments (height of segment above the gradient is arbitrary). Suppose climate change implies that
locality i shifts in position along the climate-related gradient to the new location shown by the
arrow. The new community at i will consist of a novel combination of features — retaining some
existing features (blue), losing some features (green), and (if organisms can disperse to suitable
new locations) gaining some features (red and purple) that previously were not found in i but were
found in other localities. ED calculations (based on combining various ED-complementarity values
[51]) indicate the relative numbers of these different feature types.
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7. Conclusions

The phylogenetic beta diversity framework pioneered by microbial ecologists has been successful
over a range of studies in revealing environmental gradients that explain turnover in phylogenetic
composition. The features-level model presented in this study suggests that this success arises from
several key linkages among models and methods. First, the PD-dissimilarities operate as if we are
calculating dissimilarities at the level of evolutionary features, because they are compatible with the
PD assumption that “shared ancestry accounts for shared features”. Second, because they are Bray-
Curtis type dissimilarities, they are robust to variations in unimodal response [12]—and this appears to
match the observed relationship between phylogenetic branches/features and gradients space. This
phylogenetic unimodal response model where “shared environment accounts for shared features” also
suggests general applicability of existing robust methods, including ordination, clustering and ED.
These are applicable in a variety of contexts where we have good estimates of phylogeny and its
geographic distribution among sample sites. Applications include conservation assessments, search for
new commercial products, impacts monitoring, and exploration of drivers of community composition.

Acknowledgements

We thank the Guest Editor, Alan Templeton, for the invitation to contribute our study to this special
issue on "Cladistic Analysis and Molecular Evolution”. DPF thanks DIVERSITAS and NESCent (the
National Evolutionary Synthesis Center) for funding the presentation of this research, and
acknowledges the helpful comments from participants at the NESCent “Darwin Day” and Patagonia
catalysis group meetings, the “Evolutionary Biology and Biodiversity Conservation: Scientific and
Social Aspects” Sdo Paulo conference, the European Platform for Biodiversity Research Strategy
meeting in the Czech Republic, the 55th Annual Meeting of the Ecological Society of Japan, and the
“Darwin200” conference in Darwin.

References and Notes

1. Faith, D.P. Conservation evaluation and phylogenetic diversity. Biol. Cons. 1992, 61, 1-10.

2. Faith, D.P. Systematics and conservation—on predicting the feature diversity of subsets of taxa.
Cladistics 1992, 8, 361-373.

3. Faith, D.P. Properties of different community-level phylogenetic indices. In Annual Meetings of
the Ecological Society of Japan (ESJ series), Abstracts. 55th Annual Meeting of the Ecological
Society of Japan, Kyushu, Japan, 2008; Available at: http://www.esj.ne.jp/meeting/abst/55/S08-
3.html/, accessed October 20, 2009.

4. Faith, D.P.; Reid, C.A.M.; Hunter, J. Integrating phylogenetic diversity, complementarity, and
endemism. Cons. Biol. 2004, 18, 255-261.

5. Lozupone, C.; Knight, R. UniFrac: A new phylogenetic method for comparing microbial
communities. Appl. Envir. Microbiol. 2005, 71, 8228-8235.

6. Lozupone, C.; Knight, R. Global patterns in bacterial diversity. Proc. Natl. Acad. Sci. USA 2007,
104, 11436-11440.



Int. J. Mol. Sci. 2009, 10 4738

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lozupone, C.A.; Hamady, M.; Kelley, S.T.; Knight, R. Quantitative and qualitative beta diversity
measures lead to different insights into factors that structure microbial communities. Appl.
Environ. Microbiol. 2007, 73, 1576-1585.

Lozupone, C.; Knight, R. Species divergence and the measurement of microbial diversity. FEMS
Microbiol. Rev. 2008, 32, 557-578.

Whittaker, R.H. Evolution and measurement of species diversity. Taxon 1972, 21, 213-251.
Ferrier, S.; Manion, G.; Elith, J.; Richardson, K.S. Using generalized dissimilarity modeling to
analyze and predict patterns of beta diversity in regional biodiversity assessment. Div. Distrib.
2007, 13, 252-264.

Bryant, J.A.; Lamanna, C.; Morlon, H.; Kerkhoff, A.J.; Enquist, B.J.; Green, J.L. Microbes on
mountainsides: Contrasting elevational patterns of bacterial and plant diversity. Proc. Natl. Acad.
Sci. USA 2008, 105, 11505-11511.

Faith, D.P.; Minchin, P.R.; Belbin, L. Compositional Dissimilarity as a robust measure of
ecological distance. Vegetatio 1987, 69, 57-68.

Ley R.E.; Harris, J.K.; Wilcox, J.; Spear, J.R.; Miller, S.R.; Bebout, B.M.; Maresca, J.A.; Bryant,
D.A.; Sogin, M.L.; Pace, N.R. Unexpected diversity and complexity of the Guerrero Negro
hypersaline microbial mat. Appl. Environ. Microbiol. 2006, 72, 3685-3695.

Rintala, H.; Pitkdranta, M.; Toivola, M.; Paulin, L.; Nevalainen. A. Diversity and seasonal
dynamics of bacterial community in indoor environment. BMC Microbiol. 2008, 8, 56.

Harrison, B.K.; Zhang, H.; Berelson, W.; Orphan, V.J. Variations in archaeal and bacterial
diversity associated with the sulfate-methane transition zone in continental margin sediments
(Santa Barbara Basin, California). Appl. Environ. Microbiol. 2009, 75, 1487-1499.

Porter, T.M.; Skillman, J.E.; Moncalvo, J.M. Fruiting body and soil rDNA sampling detects
complementary assemblage of Agaricomycotina (Basidiomycota, Fungi) in a hemlock-dominated
forest plot in southern Ontario. Mol. Ecol. 2008, 17, 3037-3050.

Alexander, E.; Stock, A.; Breiner, H.W.; Behnke, A.; Bunge, J.; Yakimov, M.M.; Stoeck, T.
Microbial eukaryotes in the hypersaline anoxic L'Atalante deep-sea basin. Environ. Microbiol.
2009, 11, 360-381.

Desnues, C.; Rodriguez-Brito, B.; Rayhawk, S.; Kelley, S.; Tran, T.; Haynes, M.; Liu, H.; Furlan,
M.; Wegley, L.; Chau, B.; Ruan, Y.; Hall, D.; Angly, F.E.; Edwards, R.A.; Li, L.; Thurber, R.V.;
Reid, R.P.; Siefert, J.; Souza, V.; Valentine, D.L.; Swan, B.K.; Breitbart, M.; Rohwer, F.
Biodiversity and biogeography of phages in modern stromatolites and thrombolites. Nature 2008,
452, 340-343.

Marhaver K.L.; Edwards, R.A.; Rohwer, F. Viral communities associated with healthy and
bleaching corals. Environ. Microbiol. 2008, 10, 2277-2286.

Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature 2006, 444,
1027-1031.

Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory bowel
diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780-13785.



Int. J. Mol. Sci. 2009, 10 4739

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Li, M.; Wang, B.; Zhang, M.; Rantalainen, M.; Wang, S.; Zhou, H.; Zhang, Y.; Shen, J.; Pang, X;
Zhang, M.; Wei, H.; Chen, Y.; Lu, H.; Zuo, J.; Su, M.; Qiu, Y.; Jia, W.; Xiao, C.; Smith, L.M;
Yang, S.; Holmes, E.; Tang, H.; Zhao, G.; Nicholson, J.K.; Li, L.; Zhao, L. Symbiotic gut
microbes modulate human metabolic phenotypes. Proc. Natl. Acad. Sci. USA 2008, 105,
2117-2122.

Osman S.; La Duc, M.T.; Dekas, A.; Newcombe, D.; Venkateswaran, K. Microbial burden and
diversity of commercial airline cabin air during short and long durations of travel. ISME:
Multidisc. J. Microb. Ecol. 2008, 2, 482-497.

Wen, L.; Ley, R.E.; Volchkov, P.Y.; Stranges, P.B.; Avanesyan, L.; Stonebraker, A.C.; Hu, C.;
Wong, F.S.; Szot, G.L.; Bluestone, J.A.; Gordon, J.I.; Chervonsky, A.V. Innate immunity and
intestinal microbiota in the development of Type 1 diabetes. Nature 2008, 455, 1109-1113.
Hiibel, S.R.; Pereyra, L.P.; Inman, L.Y.; Tischer, A.; Reisman, D.J.; Reardon K.F.; Pruden, A.
Microbial community analysis of two field-scale sulfate-reducing bioreactors treating mine
drainage. Environ. Microb. 2008, 10, 2087-2097.

Fraune, S.; Bosch, T.C. Long-term maintenance of species-specific bacterial microbiota in the
basal metazoan Hydra. Proc. Natl. Acad. Sci. USA 2007, 104, 13146-13151.

Balakirev, E.S.; Pavlyuchkov, V.A.; Ayala, F.J. DNA variation and symbiotic associations in
phenotypically diverse sea urchin Strongylocentrotus intermedius. Proc. Natl. Acad. Sci. USA
2008, 105, 16218-16223.

Ley, R.E.; Hamady, M.; Lozupone, C.A.; Turnbaugh, P.J.; Ramey, R.R.; Bircher, J.S.; Schlegel,
M.L.; Tucker, T.A.; Schrenzel, M.D.; Knight, R.; Gordon, J.I. Evolution of mammals and their
gut microbes. Science 2009, 320, 1647-1651.

Jones, R.T.; Robeson, M.S.; Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. A comprehensive
survey of soil acidobacterial diversity using pyrosequencing and clone library analyses. ISME:
Multidisc. J. Microb. Ecol. 2009, 2009, 1-12.

Lozupone C.A.; Hamaday M.; Canare B.L.; Coutinho P.M.; Henrissat B.; Gordon J.I.; Knight R.
The convergence of carbohydrate active gene repertoires in human gut microbes. PNAS 2008,
105, 15076-15081.

Graham, C.H.; Fine, P.V.A. Phylogenetic beta diversity: Linking ecological and evolutionary
processes across space in time. Ecol. Lett. 2008, 11, 1265-1277.

Cavender-Bares, J.; Kozak, K.H.; Fine, P.V.A.; Kembel, S\W. The merging of community
ecology and phylogenetic biology. Ecol. Lett. 2009, 12, 693-715.

Faith, D.P. Phylogenetic triage, efficiency and risk aversion. Tr. Ecol. Evol. 2009, 24, 182.

Webb, C.O.; Ackerly, D.D.; Kembel, S.W. Phylocom: Software for the analysis of phylogenetic
community structure and trait evolution. Bioinformatics 2008, 24, 2098-2100.

Minchin, P.R. An evaluation of the relative robustmess of techniques for ecological ordination.
Vegetatio 1987, 69, 89-107.

Faith, D.P. Homoplasy as pattern: Multivariate analysis of morphological convergence in
Anseriformes. Cladistics 1989, 5, 235-258.

Kraft, N.J.B.; Cornwell, W.K.; Webb, C.O.; Ackerly, D.D. Trait evolution, community assembly,
and the phylogenetic structure of ecological communities. Am. Nat. 2007, 170, 271-283.



Int

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

.J. Mol. Sci. 2009, 10 4740

Chave, J.; Chust, G.; Thebaud, C. The importance of phylogenetic structure in biodiversity
studies. In Scaling Biodiversity; Storch, D., Marquet, P.L., Brown, J.H., Ed.; Cambridge
University Press: Cambridge, UK, 2007; pp. 150-167.

Ramette, A. Multivariate analyses in microbial ecology. FEMS Microbiol. Ecol. 2007, 62,
142-160.

Austin, M.P. Continuum concept, ordination methods, and niche theory. Ann. Rev. Ecol. Syst.
1985, 16, 39-61.

Terahara, T.; Ikeda, S.; Noritake, C.; Minamisawa, K.; Ando, K.; Tsuneda, S.; Harayama, S.
Molecular diversity of bacterial chitinases in arable soils and the effects of environmental factors
on the chitinolytic bacterial community. Soil Biol. Biochem. 2009, 41, 473-480.

Belbin, L.; Faith, D.P.; Milligan, G.W. A comparison of two approaches to beta-flexible
clustering. Multiv. Behav. Res. 1992, 27, 417-433.

Green, J.L.; Bohannan, B.J.M.; Whitaker, R.J. Microbial biogeography: From taxonomy to traits.
Science 2008, 320, 1039-1043.

Koleff, P.; Gaston, K.J.; Lennon, J.J. Measuring beta diversity for presence-absence data. J. Anim.
Ecol. 2003, 72, 367-382.

Horner-Devine, M.C.; Bohannan, B.J.M. Phylogenetic clustering and overdispersion in bacterial
communities. Ecology 2006, 87, S100-S108.

Webb, C.O.; Ackerly, D.D.; McPeek, M.A.; Donoghue, M.J. Phylogenies and community
ecology. Annu. Rev. Ecol. Syst. 2002, 33, 475-505.

Lovette, 1.J.; Hochachka, W.M. Simultaneous effects of phylogenetic niche conservatism and
competition on avian community structure. Ecology 2006, 87, S14-S28.

Helmus, M.R.; Savage, K.; Diebel, M.W.; Maxted, J.T.; Ives, A.R. Separating the determinants of
phylogenetic community structure. Ecol. Lett. 2007, 10, 917-925.

Emerson, B.C.; Gillespie, R.G. Phylogenetic analysis of community assembly and structure over
space and time. Tr. Ecol. Evol. 2008, 23, 619-630.

Faith, D.P.; Walker, P.A. Environmental diversity: On the best-possible use of surrogate data for
assessing the relative biodiversity of sets of areas. Biodiv. Cons. 1996, 5, 399-415.

Faith, D.P.; Ferrier, S.; Walker, P.A. The ED strategy: How species-level surrogates indicate
general biodiversity patterns through an "environmental diversity" perspective. J. Biogeog. 2004,
31, 1207-1217.

Forest, F.; Grenyer, R.; Rouget, M.; Davies, T.J.; Cowling, R.M.; Faith, D.P.; Balmford, A
Manning, J.C.; Proches, S.; van der Bank, M.; Reeves, G.; Hedderson, T.A.J.; Savolainen, V.
Preserving the evolutionary potential of floras in biodiversity hotspots. Nature 2007, 445,
757-760.

Pacharawongsakda, E.; Yokwali, S.; Ingsriswang, S. Potential natural product discovery from
microbes through a diversity-guided computational framework. Appl. Microbiol. Biotechnol.
2009, 82, 579-586.

Linke, S.; Norris, R.H.; Faith, D.P.; Stockwell, D. ANNA: A new prediction method for
bioassessment programs. Freshw. Biol. 2004, 50, 147-158.



Int. J. Mol. Sci. 2009, 10 4741

55. Downes, B.J.; Barmuta, L.A.; Fairweather, P.G.; Faith, D.P.; Keough, M.J.; Lake, P.S.; Mapstone,
B.D.; Quinn, G.P. Assessing Ecological Impacts: Applications in flowing waters; Cambridge
University Press: Cambridge, UK, 2002.

56. Andrefouet, S.; Costello, M.J.; Faith, D.P.; Ferrier, S.; Geller, G.N.; HoOft, R.; Jirgens, N.; Lane,
M.A.; Larigauderie, A.; Mace, G.; Miazza S.; Muchoney, D.; Parr, T.; Pereira, H.M.; Sayre, R.;
Scholes, R.J.; Stiassny, M.L.J.; Turner, W.; Walther, B.A.; Yahara, T. The GEO Biodiversity
Observation Network: Concept Document; GEO—Group on Earth Observations: Geneva,
Switzerland. 2008, Available at: http://www.earthobservations.com/documents/cop/bi_geobon/
200811 geobon_concept_document.pdf/, accessed October 20, 2009.

57. Faith, D.P. Phylogenetic diversity and conservation. In Conservation Biology: Evolution in Action;
Carroll, S.P., Fox, C., Eds.; Oxford University Press: New York, NY, USA, 2008; pp. 99-115.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



