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Abstract

Aquifer ecosystems provide a range of important services including clean drinking
water. These ecosystems, which are largely inaccessible to humans, comprise a
distinct invertebrate fauna (stygofauna), which is characterized by narrow
distributions, high levels of endemism and cryptic species. Although being under
enormous anthropogenic pressure, aquifers have rarely been included in
conservation planning because of the general lack of knowledge of species
diversity and distribution. Here we use molecular sequence data and phylogenetic
diversity as surrogates for stygofauna diversity in aquifers of New South Wales,
Australia. We demonstrate how to incorporate these data as conservation features
in the systematic conservation planning software Marxan. We designated each
branch of the phylogenetic tree as a conservation feature, with the branch length as
a surrogate for the number of distinct characters represented by each branch. Two
molecular markers (nuclear 78S ribosomal DNA and mitochondrial cytochrome
oxidase subunit ) were used to evaluate how marker variability and the resulting
tree topology affected the site-selection process. We found that the sites containing
the deepest phylogenetic branches were deemed the most irreplaceable by
Marxan. By integrating phylogenetic data, we provide a method for including
taxonomically undescribed groundwater fauna in systematic conservation planning.

Introduction

Aquifers store 95% of the world’s available freshwater, and the groundwater
within is the primary source of drinking water to an estimated 2 billion people
worldwide [1]. However, groundwater is not only essential for human
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populations, but it is also vital to sustaining a wide range of groundwater
dependent ecosystems such as rivers, riparian zones and estuaries [2].

The ultimate groundwater dependent ecosystems are those contained within
the aquifer itself [3]. These environments harbor a rich diversity of organisms, and
provide a variety of ecosystem services including bioremediation (the degradation
of contaminants, including nitrates, by living organisms) and nutrient cycling [4].

As a substantial part of the ecosystem, groundwater invertebrates (stygofauna)
contribute towards maintaining a healthy aquifer environment. This diverse fauna
often has convergent morphology and cryptic species are common [5, 6].
Moreover, poor dispersal abilities have resulted in narrow distributions and high
levels of endemism among stygofauna [7], making them particularly vulnerable to
extinction in the face of increasing anthropogenic pressures [8].

Despite the apparent benefits of groundwater fauna in providing essential
ecosystem services, most environmental policies are directed towards the
protection of groundwater as a resource, not considering biodiversity [9]. Limited
data on biodiversity and biology of stygofauna is one of the main reasons for the
absence of appropriate conservation measures [10]. Globally, data on ground-
water biodiversity and their distributions remain very patchy, although the fauna
of some regions (e.g., southern Europe and North America) have been more
thoroughly documented [11, 12]. In Australia, sampling efforts over the last two
decades have revealed a great diversity of stygofauna, indicating that subterranean
fauna potentially represent a significant amount of the continent’s biodiversity
[13] and therefore need to be protected in the same way as other freshwater
systems [14].

The development of biodiversity protection schemes is increasingly being
assisted by systematic conservation planning (SCP) frameworks [15, 16, 17]. SCP
implements complementarity-based algorithms to systematically select sites with
conservation features that are not represented by existing sites or reserves in order
to represent maximum biodiversity over a minimum number of sites [18].
Conservation features have traditionally been species, ecosystems or surrogates
thereof [19,20]. However, recently the use of genetic data (microsatellite alleles)
has been demonstrated [21].

SCP is increasingly utilized for freshwater conservation planning [14,22] for
rivers and wetlands, however, only a few studies have designed reserve networks
for protecting stygofauna (France [8]; southern Europe [9]). In Australia, where
the majority of groundwater fauna remain taxonomically undescribed [13] there
is a need for innovative approaches for conservation of stygofauna, especially
because rare or poorly sampled species strongly bias SCP analyses [17].

DNA barcoding (using cytochrome oxidase 1, COI [23]) provides a surrogate
method for identifying units of biodiversity and is particularly useful for rapid
assessment of small, hyperdiverse or as yet undescribed fauna (e.g., ants [24]).
However, it is difficult to delineate species with DNA since the appropriate level of
sequence divergence for separating two species is unclear because this threshold
varies between species and taxa [25].
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Phylogenetic Diversity (PD) is a method for estimating biodiversity that side
steps the need for identifying species and takes into account the evolutionary
distinctiveness of organisms [26,27]. The PD of a set of organisms is calculated by
summing the branch lengths of the phylogenetic tree connecting that subset [26].
Because the tips on the tree can be species, populations, individual organisms or
DNA sequences, PD is suitable for estimating biodiversity in poorly known
ecosystems. Because molecular sequence data can be used to infer the phylogenetic
relationship between a set of organisms, the PD approach offers a way of taking
advantage of the wealth of information resulting from DNA barcoding programs
[27, 28].

Several studies have dealt with the integration of PD into site selection
algorithms [28, 29, 30, 31]. However, these algorithms are not implemented in the
conservation planning software packages most frequently used by conservation
practitioners. The Marxan conservation planning software package [32] is widely
used for assisting decision makers regarding the placement of conservation areas
(see [16]). More importantly, Marxan has become increasingly popular for use in
freshwater conservation planning (mainly rivers) in Australia [22,33]. Marxan
uses a simulated annealing algorithm to minimize costs, while maximizing
conservation features. It allows for the inclusion of a range of factors relevant for
real-life conservation scenarios such as cost, habitat connectivity, and other
socioeconomic factors [32].

The aim of this study is to explore the use of molecular sequence data and PD
as surrogates for stygofauna diversity in systematic conservation planning using
Marxan. We use taxonomically undescribed stygofauna in aquifers of the Hunter
and Central coast regions of New South Wales, Australia, as a model system to
demonstrate how phylogenetic branches can be used as conservation features in
Marxan. This provides a framework to include data on largely unknown
groundwater ecosystems into conservation planning, while still maintaining
Marxan’s ability to include costs and landscape connectivity. We amplified two
different molecular markers (nuclear 18S and mitochondrial cytochrome oxidase
I) from groundwater crustaceans to evaluate how marker variability would impact
on the site selection process. We compared the results of Marxan to that of the
summed PD heuristic (as an upper bound for maximizing PD over the same
number of sites) and rarefaction (lower bound) in order to evaluate the
performance of Marxan in maximizing PD.

Materials and Methods

Sampling

We collected groundwater samples from 26 groundwater-monitoring bores in the
Hunter Valley region (Hunter alluvium, Kingdon Ponds and Tributaries

alluvium, Wollombi Brook alluvium, Pages river alluvium, Liverpool Ranges
Basalt) and Central Coast (Kulnura-Peats-Ridge-Mangrove Mountain plateau,
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Fig. 1. Map of the study region. Circles indicate location of groundwater bores containing stygofauna used in this study. Colours represent distinct
groundwater systems as recognised by New South Wales Water. Inset map shows location of study region in Australia.

doi:10.1371/journal.pone.0115132.9001

Mangrove Creek borefield) of New South Wales (NSW), Australia (Fig. 1 and S1
Table), between Dec. 2010 and May 2012.

Sampling was restricted to existing bores that were owned and maintained by
state (NSW Office of Water) and local government (Gosford Council) agencies for
groundwater level monitoring. Access agreements were obtained from these
government authorities. No additional permits or approvals were needed to
sample the invertebrates because we were not targeting species listed as threatened
under state or federal legislation, we were not sampling in designated protected
areas and animal research ethics legislation for the state of New South Wales does
not include invertebrates.

We collected water samples following the procedure outlined in Hancock and
Boulton [34]. Water samples were taken from each bore using plankton nets or a
motorized inertia pump. When pumping, 150-300 L of water was removed from
the bore and subsequently passed through a 63-um mesh sieve. Bores deeper than
30 m were sampled using a plankton net. The plankton net approach comprised
hauling the net through the water column in the boreholes multiple times. Three
hauls were made with a fine (63-um) mesh net followed by three hauls with a
coarser (100-pum) mesh net. The resulting water/sediment samples were combined
and passed though a 63-pum sieve. The sample retained in the sieve was preserved

PLOS ONE | DOI:10.1371/journal.pone.0115132 December 16, 2014 4/15



@'PLOS | ONE

Phylogenetic Conservation for Groundwater Systems

in 96-100% ethanol and stored at —20°C. Samples were sorted under a light
microscope and grouped as similar looking morphotypes, distinguishing the
major crustacean groups found in groundwater; amphipods, isopods, syncarids,
ostracods and copepods. Some groups were found in very high numbers (e.g.
copepods was sometimes represented by thousands of individuals) in several
samples and for the purpose of this study we only took out a couple of individuals
for further analysis. While a variety of other invertebrates can often be present in
groundwater we have only included crustaceans in this study.

Molecular methods

For the purpose of this analysis, we limited the genetic analysis to crustaceans
only. We extracted DNA from legs or from whole crustaceans (<2 mm in size)
using the Bioline Genomic DNA extraction kit (Bioline, Australia) following the
manufacturer’s protocol for tissue samples. Where several representatives of a
morphotype were found within the same bore, we extracted DNA from at least
two individuals. We amplified short regions of the nuclear 18S ribosomal DNA
(rDNA) and the mitochondrial cytochrome oxidase I (COI) markers using the
methods outlined by Asmyhr and Cooper [35] for COL For 18S, universal primers
185-1560-F and 185-2035-R were used under the following cycling conditions:
Initial denaturation for 3 min at 94 °C followed by 30 cycles of (94 °C sec, 55°C for
30 sec, 72°C for 1 min) and a final extension at 72°C for 10 min. Polymerase
chain reactions (PCRs) for were carried out in 25-pL volumes containing 3 pL of
DNA template, 1 pMm of each primer, 2 mm MgCl,, 2 pg BSA, 3 pL 5x Go
TaqFlexiBuffer (Promega), 800 um of ANTPs, and 1 U Taq Polymerase
(Promega). PCR product was purified with ExoSAP-IT according to the
manufacturer’s instructions (USB Corporation). PCR products were sequenced by
Macrogen (www.Macrogen.com). Partial mitochondrial COI and 18S sequences
were separately imported into MEGA5 [36], manually edited and aligned.

Estimating Phylogenetic Diversity

Separate gene trees were constructed for each marker (COI, 18S). We used
FindModel (Los Alamos National Laboratory: www.hiv.lanl.gov/content/
sequence/findmodel/findmodel.html), the web interface of Modeltest [37] to
determine the best fit of molecular evolution to the data. This model (GTR +
Gamma distribution) was then implemented using a Bayesian framework for tree
building in BEAST software v1.7.3 [38]. BEAST was run with a Yule speciation
model and 15000000 generations (sampling at every 5000). For each marker, trees
generated from BEAST runs were combined into a single target tree using
TreeAnnotater v1.7.3 [38] with the first 300 trees discarded as Burn in and using
the Maximum Clade Credibility (MCC) option.

Phylogenetic Diversity (PD) was calculated for each tree as the sum of the
branch lengths connecting the individuals found at a particular bore [26]. These
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calculations always included the path to the root of the tree, including the basal
branches connecting all taxa [30].

Site selection procedure based on PD

In the following analyses, we are treating phylogenetic tree branches as
conservation features (see Fig. 2). It is important to note that in this case, the term
“branch” refers to the edge length connecting nodes in the phylogenetic tree. As
such, all branches are conservation features, not just the terminal nodes (leaves).
Thus, each branch is coded as being either present or absent at each site (Fig. 2) as
if they were separate species (or equivalent).

Furthermore, we consider each branch to be a surrogate for a set of features
(i.e., characters), rather than a single feature, possessed by the organisms for
which that branch is part of their lineage [26]. The length of the branch is
indicative of the relative number of features, with longer branches representing far
more feature diversity. The feature diversity of any location (hereafter referred to
as a planning unit, PU) is therefore the total length of the set of branches
representing the set of organisms present in that PU (see Fig. 2).

We used Marxan [32] to select PUs to include in a reserve network. Marxan
aims to solve the ‘minimum set problem’, where the goal is to achieve some
minimum representation of biodiversity features for the smallest possible cost
[39]. In the following analyses we designated each groundwater bore as a PU.

In its simplest form, Marxan’s objective function combines the total cost of the
reserve system and a penalty for any of the ecological targets that are not met
(Score = Cost of the reserve system + Boundary length of the reserve system +
Penalty incurred for unmet targets). Because we used sampling points (ground-
water bores) as planning units, the boundary length was not a component of our
analysis. To put emphasis on longer branches (i.e., representing a large gain in
PD) in the site selection process, we included a weighting system based on branch
lengths. The length of each phylogenetic tree branch was divided by the depth of
the tree, such that the total path length from leaf to root would be equal to one.
These relative branch lengths were included as species penalty factors (SPF - a
weighting factor that will be added to the objective function if the target for a
conservation feature is not met in the current reserve scenario).

We set the cost of each PU to 1. We then ran the simulated annealing algorithm
using different overall cost restrictions, from 2 (i.e, allowing the selection of two
PUs only) to 10 (10 PUs). Marxan produces a selection frequency that measures
how many times out of the total number of iterations for each run (we used 500)
each planning unit was selected a part of the optimal set of sites. This provides an
indication of how useful a PU is for creating an efficient reserve system [40], and
is analogous to irreplaceability [41].

As a baseline to compare the performance of Marxan at maximizing PD over a
set number of sites, we used a summed PD heuristic. This method is based on an
algorithm described by Rebelo and Siegfried [42] as a means of using
complementarity to prioritize areas for conservation. The algorithm proceeds by
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Fig. 2. Interpretation of phylogenetic tree branches as features and its application to conservation
planning. Tips of a phylogenetic tree are marked with + (presence) or - (absence) to indicate their
representation for each of three sites. The subtree (in colour) that connects this set of tips to the root consists
of a set of branches (numbered 1-8) that, when summed, constitutes the phylogenetic diversity of that site.
Each of these branches are coded in the table as conservation features that are either present or absent for
each site based on the presence or absence of the relevant tips. Branches marked in orange are represented
in Site 1 while red branches are not represented in Site 1. Site 2 is the most complementary to Site 1 as it adds
the most new features (and branch length). Therefore, in a scenario where Site 1 is already protected and only
one other site can be chosen for protection, Site 2 should be added to the protected set (indicated by the grey
box).

doi:10.1371/journal.pone.0115132.g002

first selecting the area with the highest PD. The second area to be chosen will be
that most complementary to the first — that is, the area resulting in the largest gain
in PD when added to the first (Fig. 2). The algorithm then proceeds by choosing
additional areas based on their complementarity to the set of those already chosen
until the total PD is reached. At each step, ties (equal scores) are resolved by
choosing at random from the available options. Because ties are resolved
randomly, we repeated the algorithm 100 times and calculated the average ranking
of each site. Calculations were done in R version 2.15.2 (R Core Team 2012).

We also calculated the corresponding rarefaction curve as a null model against
which to compare the results of Marxan. The rarefaction curve shows the expected
PD for a given number of planning units, selected at random and without
replacement. The expected value of PD was calculated from the probability of
each branch occurring in a set of planning units of a given size [43]. Calculations
were done in R.
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Results

We obtained 75 COI sequences, however some of the sequences were in poor
condition (19) and were excluded from further analysis. The remaining 56
included in the alignment represented 32 individual haplotypes. Sequences were
between 200-800 bp, but because different taxa were amplified using different sets
of primers, the final alignment, including all morphotypes, was substantially
reduced (194 bp). We obtained 122 sequences of a short fragment of 185 rDNA, of
which 94 could be reliably interpreted and 22 were unique. There was
considerable size variation in fragment size among taxa (150-350 bp). The final
alignment had to be substantially shortened and resulted in an alignment of

70 bp, comprising a highly conserved region of this marker. Enough variation was
present to separate between morphotypes. Sequences >200 bp were submitted to
GenBank (accession numbers: KF361325- KF361330, KF361332- 361354,
JX948792 — 948818).

The target (MCC) trees used for calculation of PD are included as (S1 Figure
and S2 Figure). When comparing the results of Marxan based on the two different
molecular markers, we found that for the analysis based on 18S data with cost
limitation to include two PUs only, 60% of total PD was represented in the two
most irreplaceable PUs. When cost restriction allowed the inclusion of 10 PUs,
the majority of PD in the dataset (90%) was represented among those 10 PUs. In
contrast, for the same analyses based on COI data, two PUs represented only
about 40% of total PD. When allowing the inclusion of 10 PUs, approximately
80% of PD was represented.

As such, the proportional gain in PD per additional PU added was greater for
COI than for 18§, but as expected (given the difference in variability of the two
molecular markers), the total PD represented by 10 PUs was less for COI than for
18S.

When comparing the result of Marxan to that of the summed PD heuristic, we
made the following observations: 1) for the 18S data, we observed a small
difference between the amount of PD represented by the most frequently selected
PUs by Marxan compared to the summed PD heuristics solution (Fig. 3a); and 2)
for COI, the two algorithms performed equally in representing PD (Fig. 3b).

Discussion

Here we use data from taxonomically undescribed stygofauna from New South
Wales, Australia, as our model system to demonstrate how to include
phylogenetic data into the systematic conservation planning using the software
Marxan. While algorithms for maximizing PD over a minimum number of sites
have been demonstrated in previous studies [29, 30, 31], the integration of PD
into Marxan - or other similar operational biodiversity management frameworks
(e.g., Zonation [44]) offers several advantages. These are: 1) in addition to
maximizing biodiversity, these software packages can also take into account a

range of additional variables, including habitat connectivity, conservation targets
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Summed PD heuristic, Red = MARXAN, Grey = Rarefaction.

doi:10.1371/journal.pone.0115132.g003

and socio-economic factors; and 2) they are constantly being developed and
improved, including several freely available interfaces (e.g., C-plan, Zonae Cogito
for Marxan) that can assist the analysis. Finally, Marxan is increasingly being
applied to guide conservation plans for other freshwater habitats [14], thus our
approach opens up the possibility of including groundwater biodiversity into a
broader freshwater conservation plan, before detailed taxonomic or environ-
mental data are available.

We do acknowledge that the Marxan solutions did not always maximise PD to
the extent of the summed heuristic (Fig. 3), and this difference does require some
consideration. Firstly, it must be realised that the summed heuristic is essentially a
single solution. The most diverse PU is always chosen first and then proceeds from
there in a particular sequence, except in the case of ties. In contrast, Marxan has
(at least potentially) many solutions that are approximately equally optimal, and
thus it is almost inevitable that the mean PD of multiple Marxan solutions will be
less than a single summed heuristic solution. Secondly, in the absence of
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differences in cost or boundary length between PUs, Marxan solutions become
dependent on the penalty applied when certain features (branches) were not
selected. We made this penalty proportional to branch length, summing to one for
any particular path from root to tip. What is not presently known is how best to
apply this penalty to achieve the goal of maximising PD. A detailed simulation
analysis is required to fully test the implications of different penalty weightings, as
well a different tree topologies, on Marxan solutions. Despite the differences
between our methods, we still assert that conservation planning algorithms, such
as Marxan, should be preferred over simple optimisations such as our summed
heuristic, both for their flexibility and for their capacity to take factors such as
differential costs or boundary lengths (connectivity) into account, although work
still needs to be done on optimising these procedures for conserving PD.

Representing the maximum number of conservation features over a minimum
number of sites is a general goal in systematic conservation planning [18]. Aiming
to include all species, or in our case, branches of a phylogenetic tree, would
probably be applicable for the majority of ecosystems, because most species are
generally found in more than one site within a restricted geographical region. For
stygofauna, where the majority of species seem to have extremely narrow
distributions and high levels of endemism [7, 9], conserving all species would
often mean that the majority of PUs would have to be included in the final reserve
network, a highly unrealistic conservation goal. Using PD as a measure of
biodiversity in groundwater offers an advantage over, for example species
richness, because it allows an estimate of the phylogenetic distinctiveness of a
particular taxon (or haplotype) and how much it contributes to overall diversity.

Michel et al. [9] noted that incomplete sampling combined with narrow
distributions of most stygofauna resulted in little flexibility for the placement of a
groundwater reserve network when based on species data. In such a situation, the
additional information resulting from the use of molecular data and PD could
provide more flexibility of which PUs to include or exclude. Faith and Baker [28]
illustrate this point using an example with freshwater crayfish. Molecular data
revealed that two closely related sister species were found in two different
locations. When anthropogenic actions caused the extinction of one of them, the
location containing the remaining sister species was assigned a greater
conservation priority based on PD, because it now solely represented the deeper
branch (and thus features) shared by the two sister species [28].

When using phylogenetic branches as conservation features, the site selection
process in Marxan is driven by the tree topology. Internal branches, which may be
long and thus represent a relatively large amount of PD, often split into several
terminal nodes that may all be found in different PUs (see Fig. 2). Because of this,
relevant internal branches are always represented within the prioritized PUs.
However, a deep branch can sometimes also represent one distinct lineage only
present in one PU. It is therefore less likely to be represented among the
prioritized PUs. To ensure that such branches were selected, all branches were
weighted by their relative length (and thus contribution to PD) and this weight
was included as a species penalty factor in Marxan. Marxan ranked the sites
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@'PLOS | ONE

Phylogenetic Conservation for Groundwater Systems

containing the longest branches highest (i.e., they were deemed most irreplace-
able). When the sites with the deepest branches are included in the reserve
network, the remaining sites will only contribute a marginal gain in PD (and thus
feature diversity). Hence, conservation planners may choose to exclude some of
those marginal gain PUs (e.g., containing taxa that are already represented by a
close relative), resulting in more flexibility.

The number of sites that are needed to include the majority of the deep
branches will depend on the resolution of the genetic marker used for estimating
phylogenetic relationships. The 18S marker is most frequently used to detect
higher taxa (e.g., class, family, order level) [45], whereas COI is extremely variable
and can be used to delineate between closely related species or populations [23],
resulting in different tree topologies. The 18S tree had higher taxa (e.g.,
Amphipoda) within the tree forming compact groups with long unbranched
stems leading up to them (i.e., stemmy tree), whereas the COI tree had relatively
longer inter-nodal distances towards the tips of the phylogeny (i.e., tippy tree)
[46]. The two most irreplaceable PUs based on the 18S marker represented almost
60% of the total PD (Fig. 3a). The remaining PUs contained short branches of
similar size (i.e., within taxa variation) so subsequent choices of PU made less
impact on PD (Fig. 3a). As a result, the selection procedure was less constrained
in the way additional sites were chosen, and we observed a slight difference in the
ranking of sites between Marxan and the optimal curve of summed PD heuristics
(Fig. 3a). However, the difference in PD among the final solutions (10 PUs) is
marginal, and most of the total PD (>85%) is represented, suggesting that most
higher taxa are represented in the final reserve solution. In contrast, for COI the
first two PUs represent only 40% of total PD, and each subsequent PU selected
adds a significant amount of PD to the reserve network (Fig. 3b).

A drawback with using COI is that saturation of nucleotide substitutions can
result in homoplasy, and may affect the accuracy of estimates of species divergence
and relationship [47]. Being more useful for solving deeper phylogenies, 18S may
better predict evolutionary relationships [45], and thus possibly functional
diversity [48]. For groundwater ecosystems, which carry out a range of valuable
ecosystem services [4], representing and conserving functional diversity is of
major importance. However, cryptic diversity is common for stygofauna and is
generally resolved using COI [5, 6]. Moreover, using COI would promote more
flexibility in the site selection procedure because it allows delineation of closely
related species, and also may include significant diversity not found in I8S.

While it is true that absence of data on groundwater fauna hinders efficient
conservation, this is not a problem unique to groundwater ecosystems. In
freshwater conservation planning both biotic and abiotic indicators are used as
surrogates for biodiversity [14], for example by using coarsely defined biological
attributes including zoogeographic zones or freshwater ecoregions [49]. However,
for coarse filter surrogates to be efficient in representing wanted taxonomic
groups, they should be based on data on how species and communities respond to
the physical and chemical environment [14]. Thus such surrogates should be
applied with caution and preferably be tested for efficiency [50]. For stygofauna, a
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few attempts have been made towards developing predictive models for
distribution (e.g., GW index [51]; Indicator species [52]) but these approaches
have yet to be tested and standardized across different regions. There is a strong
impetus to fully and systematically integrate groundwater ecosystems into
conservation plans since subterranean ecosystems are increasingly being
considered as part of environmental impact assessments in the face of increasing
mineral, oil and gas development [53].

In this study we attempted to demonstrate how molecular data and PD can be
combined as surrogates for stygofauna diversity in systematic conservation
planning using Marxan. However, our study has several limitations that need to
be addressed before this is applicable to a real conservation planning scenario.
Firstly, we designated the groundwater monitoring bores as planning units, even
though some of them accessed the same aquifer. Future studies could analyze
clusters of bores accessing the same aquifer as the same PU, thus designating each
aquifer as a planning unit. This would facilitate the assignment of appropriate
threats and socio-economic factors for each PU [8], and these should be
integrated as costs in the objective function prior to the analysis. Furthermore, if
including groundwater into a broader freshwater conservation plan, the
connectivity between catchments and groundwater (i.e., measured by the rate of
recharge) can only be assessed at the aquifer scale. Moreover, while we focused on
the crustacean stygofauna only, future studies could easily reduce cost and effort,
as well as increase the number of taxa included in the analysis by using a meta-
barcoding approach in which total DNA can be extracted and amplified from
environmental samples [54]. Finally, we would like to emphasize that this is not
an attempt to discourage standard taxonomy and the use of species data in
conservation. However, for ecosystems such as groundwater ecosystems, where
development and disturbance from expanding mining activities may eradicate the
fauna before they are even discovered [10], our method may help to buy some
time to allow the discovery and description of some unique and valuable
ecosystems and bioresources.
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S1 Table. Bore ID and corresponding latitude/longitude coordinates for each
groundwater bore.
doi:10.1371/journal.pone.0115132.s003 (DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0115132 December 16, 2014 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115132.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115132.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115132.s003

@'PLOS | ONE

Phylogenetic Conservation for Groundwater Systems

Acknowledgments

We are grateful to P. Cranidge (Gosford Council), J.P Williams, B. Mulhearn, R.
Gleeson, R. Beasly, A. Pearce (New South Wales Water), P. Watson (Wyong
Council), A. Michie and M. Strack (Macquarie University) for facilitating and
helping out with the collection of invertebrate samples.

Author Contributions

Conceived and designed the experiments: MGA SL GH DAN. Performed the
experiments: MGA. Analyzed the data: MGA DAN. Contributed reagents/
materials/analysis tools: GH DAN. Wrote the paper: MGA SL GH DAN.

References

1.

10.

1.

12,

13.

14.

15.

Morris BL, Lawrence ARL, Chilton PJC, Adams B, Calow RC, et al. (2003) Groundwater and its
susceptibility to degradation: A global assessment of the problem and options for managment. Nairobi,
Kenya: United Nations Environment Programme (UNEP). 120 pp.

Eamus D, Froend R, Loomes R, Hose G, Murray B (2006) A functional methodology for determining
the groundwater regime needed to maintain the health of groundwater-dependent vegetation. Aust J Bot
54: 97-114.

Humphreys WF (2006) Aquifers: the ultimate groundwater-dependent ecosystems. Aust J Bot 54: 115—
115.

Boulton AJ, Fenwick GD, Hancock PJ, Harvey MS (2008) Biodiversity, functional roles and ecosystem
services of groundwater invertebrates. Invertebr Syst 22: 103—-116.

Trontelj P, Douady CJ, Fier C, Gibert J, Gori€ki S, et al. (2009) A molecular test for cryptic diversity in
ground water: how large are the ranges of macro-stygobionts? Freshw Biol 54: 727-744.

Page TJ, Humphreys WF, Hughes JM (2008) Shrimps Down Under: Evolutionary Relationships of
Subterranean Crustaceans from Western Australia (Decapoda: Atyidae: Stygiocaris). PLoS ONE 3:
e1618.

Gibert J, Deharveng L (2002) Subterranean Ecosystems: A Truncated Functional Biodiversity.
Bioscience 52: 473-481.

Ferreira D, Malard F, Dole-Olivier MJ, Gibert J (2007) Obligate groundwater fauna of France: diversity
patterns and conservation implications. Biodivers Conserv 16: 567-596.

Michel G, Malard F, Deharveng L, Di Lorenzo T, Sket B, et al. (2009) Reserve selection for conserving
groundwater biodiversity. Freshw Biol 54: 861-876.

Boulton AJ (2009) Recent progress in the conservation of groundwaters and their dependent
ecosystems. Aquatic Conserv 19: 731-735.

Gibert J, Culver DC, Dole-Olivier MJ, Malard F, Christman MC, et al. (2009) Assessing and
conserving groundwater biodiversity: synthesis and perspectives. Freshw Biol 54: 930-941.

Culver DC, Master LL, Christman MC, Hobbs HH (2000) Obligate Cave Fauna of the 48 Contiguous
United States. Conserv Biol 14: 386—401.

Guzik MT, Austin AD, Cooper SJB, Harvey MS, Humphreys WF, et al. (2010) Is the Australian
subterranean fauna uniquely diverse? Invertebr Syst 24: 407—407.

Linke S, Turak E, Nel J (2011) Freshwater conservation planning: the case for systematic approaches.
Freshw Biol 56: 6-20.

Fernandes L, Day J, Lewis A, Slegers S, Kerrigan B, et al. (2005) Establishing representative no-take
areas in the Great Barrier Reef: Large-scale implementation of theory on marine protected areas.
Conserv Biol 19: 1733—-1744.

PLOS ONE | DOI:10.1371/journal.pone.0115132 December 16, 2014 13/15



@'PLOS | ONE

Phylogenetic Conservation for Groundwater Systems

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Klein CJ, Chan A, Kircher L, Cundiff AJ, Gardner N, et al. (2008) Striking a balance between
biodiversity conservation and socioeconomic viability in the design of marine protected areas. Conserv
Biol 22: 691-700.

Hermoso V, Kennard MJ, Linke S (2013) Data Acquisition for Conservation Assessments: Is the Effort
Worth 1t? PLoS ONE 8: €59662.

Margules CR, Pressey RL (2000) Systematic conservation planning. Nature 405: 243-253.

Brooks T, da Fonseca GAB, Rodrigues ASL (2004) Species, data, and conservation planning.
Conserv Biol 18: 1682—1688.

Grelle CEV, Lorini ML, Pinto MP (2010) Reserve Selection Based on Vegetation in the Brazilian
Atlantic Forest. Nat Conservagao 8: 46-53.

Diniz-Filho JAF, Melo DB, de Oliveira G, Collevatti RG, Soares TN, et al. (2012) Planning for optimal
conservation of geographical genetic variability within species. Conserv Genet 13: 1085-1093.

Linke S, Kennard MJ, Hermoso V, Olden JD, Stein J, et al. (2012) Merging connectivity rules and
large-scale condition assessment improves conservation adequacy in river systems. J Appl Ecol 49:
1036-1045.

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications through DNA
barcodes. Proc R Soc Lond B Biol Sci 270: 313-321.

Smith MA, Fisher BL, Hebert PDN (2005) DNA barcoding for effective biodiversity assessment of a
hyperdiverse arthropod group: the ants of Madagascar. Philos Trans R Soc Lond B Biol Sci 360: 1825—
1834.

Moritz C, Cicero C (2004) DNA barcoding: Promise and pitfalls. PLoS Biol 2: 1529-1531.
Faith DP (1992) Conservation evaluation and phylogenetic diversity. Biol Conserv 61: 1-10.

Faith DP (2008) Phylogenetic Diversity and Conservation. In: Carroll S, Fox C, editors. Conservation
Biology: Evolution in Action. Oxford:Oxford University Press. pp.99-115.

Faith DP, Baker AM (2006) Phylogenetic diversity (PD) and biodiversity conservation: some
bioinformatics challenges. Evol Bioinform Online 2: 121-128.

Walker PA, Faith DP (1995) Diversity-PD: Procedures for Conservation Evaluation based on
Phylogenetic Diversity. Biodivers Lett 2: 132-139.

Rodrigues ASL, Gaston KJ (2002) Maximising phylogenetic diversity in the selection of networks of
conservation areas. Biol Conserv 105: 103-111.

Billionnet A (2013) Solution of the Generalized Noah’s Ark Problem. Syst Biol 62: 147—156.

Ball IR, Possingham HP, Watts M (2009) Marxan and relatives: Software for spatial conservation
prioritisation. In: Moilanen A, Wilson K, Possingham H, editors. Quantitative Methods and Computational
Tools. Oxford: Oxford University Press. pp.185—195.

Hermoso V, Kennard MJ, Linke S (2012) Integrating multidirectional connectivity requirements in
systematic conservation planning for freshwater systems. Divers Distrib 18: 448—458.

Hancock PJ, Boulton AJ (2009) Sampling groundwater fauna: efficiency of rapid assessment methods
tested in bores in eastern Australia. Freshw Biol 54: 902-917.

Asmyhr MG, Cooper SJB (2012) Difficulties barcoding in the dark: the case of crustacean stygofauna
from eastern Australia. Invertebr Syst 26: 583—-583.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGAS: molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol Biol Evol 28: 2731-2739.

Posada D, Crandall KA (1998) MODELTEST: testing the model of DNA substitution. Bioinformatics 14:
817-818.

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by sampling trees. BMC
Evol Biol. 7

McDonnell MD, Possingham HP, Ball IR, Cousins EA (2002) Mathematical methods for spatially
cohesive reserve design. Environ Monit Assess 7: 107-114.

PLOS ONE | DOI:10.1371/journal.pone.0115132 December 16, 2014 14 /1 15



@'PLOS | ONE

Phylogenetic Conservation for Groundwater Systems

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Game ET, Grantham HS (2008) Marxan User Manual: For Marxan version 1.8.10. St. Lucia, Australia
and Vancouver, Canada: University of Queensland and Research Association.

Segan DB, Carwardine J, Klein C, Grantham H, Pressey RL (2010) Can we determine conservation
priorities without clear objectives? Biol Conserv 143: 2—4.

Rebelo TG, Siegfried WR (1992) Where Should Nature Reserves Be Located in the Cape Floristic
Region, South Africa? Models for the Spatial Configuration of a Reserve Network Aimed at Maximizing
the Protection of Floral Diversity. Conserv Biol 6: 243-252.

Nipperess DA, Matsen FA (2013) The mean and variance of phylogenetic diversity under rarefaction.
Methods Ecol Evol 4: 566-572.

Moilanen A (2007) Landscape Zonation, benefit functions and target-based planning: Unifying reserve
selection strategies. Biol Conserv 134: 571-579.

Corse E, Costedoat C, Chappaz MI, Pech N, Martin J-F, et al. (2010) A PCR-based method for diet
analysis in freshwater organisms using 18S rDNA barcoding on faeces. Mol Ecol Resour 10: 96—108.

Davies TJ, Buckley LB (2012) Exploring the phylogenetic history of mammal species richness. Glob
Ecol Biogeogr 21: 1096—-1105.

Rubinoff D, Holland B (2005) Between Two Extremes: Mitochondrial DNA is neither the Panacea nor
the Nemesis of Phylogenetic and Taxonomic Inference. Syst Biol 54: 952-961.

Srivastava DS, Cadotte MW, MacDonald AAM, et al. (2012) Phylogenetic diversity and the functioning
of ecosystems. Ecol Lett 15:637—648.

Higgins JV, Bryer MT, Khoury ML, Fitzhugh TW (2005) A Freshwater Classification Approach for
Biodiversity Conservation Planning. Conserv Biol 19: 432—445.

Januchowski-Hartley SR, Hermoso V, Pressey RL, Linke S, Kool J, et al. (2011) Coarse-filter
surrogates do not represent freshwater fish diversity at a regional scale in Queensland, Australia. Biol
Conserv 144: 2499-2511.

Hahn HJ (2006) The GW-Fauna-Index: A first approach to a quantitative ecological assessment of
groundwater habitats. Limnologica 36: 119-137.

Stoch F, Artheau M, Brancelj A, Galassi DMP, Malard F (2009) Biodiversity indicators in European
ground waters: towards a predictive model of stygobiotic species richness. Freshw Biol 54: 745-755.

Karanovic T, Eberhard S, Perina G, S. C (2013) Two new subterranean ameirids (Crustacea:
Copepoda: Harpacticoida) expose weaknesses in the conservation of short-range endemics threatened
by mining developments in Western Australia. Two new subterranean ameirids (Crustacea: Copepoda:
Harpacticoida) expose weaknesses in the conservation of short-range endemics threatened by mining
developments in Western Australia 27: 540-566.

Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E (2012) Towards next-generation
biodiversity assessment using DNA metabarcoding. Mol Ecol 21: 2045-2050.

PLOS ONE | DOI:10.1371/journal.pone.0115132 December 16, 2014 15/15



	Section_1
	Section_2
	Section_3
	Figure 1
	Section_4
	Section_5
	Section_6
	Section_7
	Figure 2
	Section_8
	Figure 3
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54

