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a b s t r a c t

The recognition of phylogenetic information for evaluating conservation priorities has stressed the
importance of basal taxa. The ‘‘Evolutionary Distinctiveness’’ index (ED) is a species-specific index that
includes branch length expressed as an absolute value measured in millions of years that can be applied
to a single terminal taxon in a phylogeny. The ED depends on the tree pattern, i.e. of a cladogram included
into a time-scale. When calculated for the Australian lungfish (Neoceratodus forsteri), a threatened
dipnoan that occurs naturally only in southeast Queensland, the ED index shows variable value according
to the chosen tree. On the basis of a recently proposed phylogeny including a new fossil find from the
Early Cretaceous of Thailand, the ED value reaches the highest value for piscine sarcopterygians, and
for all vertebrates, and thus reinforces the ‘‘originality’’ of this fish. This example points out the impor-
tance of fossils in the resolution of phylogenies and beyond, in the calculation of indexes supporting con-
servation decisions.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Australian lungfish (Neoceratodus forsteri) occurs naturally
only in the Brisbane, Burnett and Mary rivers in southeast Queens-
land. Despite low genetic diversity (Frentiu et al., 2001), sufficient
information has emerged from DNA fingerprinting studies to show
that Brisbane River fish are distinct from Mary River fish (Lissone,
2003). The Australian lungfish was once widespread in Queensland
(Kemp, 1987), and a small population was even found in the Murray
River in Victoria in the Pliocene (Kemp, unpublished; collection of
the Museum of Victoria, Melbourne). The species may now be re-
stricted to a few rivers and lakes in southeast Queensland, but it
is still true to say that they have weathered many natural disasters
in the past, including periodic droughts that may last for several
years, and severe flooding that destroys habitat, carries fish well
away from their preferred homes, and removes food supplies. Since
white settlement in southeast Queensland, these problems have
been accentuated. Most of the difficulties faced by living lungfish
arise, not from natural disasters alone, but from human interference
with their environments, making any natural disasters much worse.
Population pressure in southeast Queensland, and the demands of
agriculture and industry for water (Arthington, 2009), has resulted
in massive environmental degradation in the three rivers where

lungfish occur naturally (Kemp, 1987, 1995), and other systems
such as the Coomera and Pine Rivers, where lungfish have been
introduced (O’Connor, 1896; Welsby, 1905). The main threats that
affect lungfishes are droughts, transformation of the aquatic vege-
tation affecting the courtship ritual, egg deposition and availability
of suitable habitats for the young fishes (Kemp, 2005, in press),
restriction of migratory behavior (Kind, 2011) caused by the pres-
ence of dams, and the development of bacteria and fungi on the
eggs (Kemp, 1994, in press). Inadequate nutrition of adult lungfish
in water impoundments created by reservoirs has resulted in poor
development of eggs and young produced by these adults (Kemp, in
press).

The Australian lungfish is listed in Appendix II of the Conven-
tion on International Trade in Endangered Species (CITES). The
Australian lungfish is also classified as vulnerable to extinction
(Environment Protection and Biodiversity Conservation Act,
1999) and protected by several Queensland State Government
laws, in 1914, 1972 and 1994. Queensland State Government offi-
cials insist that the lungfish are common within their range,
although in fact they may only be locally abundant in certain
places. Despite the laws protecting lungfish, the species remains
at risk of extinction, as has already happened in Enoggera Reser-
voir, and may occur in other water impoundments if steps are
not taken to permit successful spawning and recruitment of young
to the adult population (Kemp, in press). State Government
officials in Queensland have designed a recovery plan for lungfish
affected by changes to their environments, although this has not
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yet been effective in improving the conditions of lungfish trapped
in water impoundments, or in rivers affected by floods and
droughts.

The Australian lungfish lives for many years, and low recruit-
ment of juveniles to the population means that habitats never have
too many lungfish (Kemp, 1995). However, young lungfish are
vulnerable, and need the protection of a natural habitat, where
the adult lungfish are able to carry out their courtship rituals,
and deposit the eggs on the leaves and rootlets of water plants
(Kemp, 1987). Few of the eggs laid under these circumstances
are unfertilised, and most of the eggs that survive predation devel-
op to hatching (Kemp 1994, in press). In reservoirs and lakes, with-
out submerged plants, adults shed the eggs loose into the water.
Many are not fertilised, and there are no places for young lungfish
to hide. This leaves young lungfish exposed to predation, and there
is little food. Certainly it is true that, apart from exceptional years
(Kemp, 1987), juvenile lungfish are rarely found, and catches con-
sist of large adult fish only. When recruitment was prevented in
Enoggera Reservoir after juvenile habitats were destroyed in
1974, the lungfish population slowly became extinct (Kemp,
2005, in press). This will happen eventually in the large artificial
lakes created by dams and weirs, if eggs and young have no ref-
uges, and adult lungfish cannot find suitable food and any eggs that
they produce are deficient and fail to develop (Kemp, in press).

2. Methods

Neoceratodus is the most primitive living member of the Dip-
noan lineage (Dipnoi). The recognition of phylogenetic information
for evaluating conservation priorities has stressed the importance
of basal taxa (Stiassny and de Pinna, 1994), and policies for biolog-
ical conservation now integrate the ‘‘originality’’ (sensu Pavoine
et al., 2005) of species. Quantitative approaches have been
proposed to provide objective grounds supporting conservation
decisions (for instance Mooers et al., 2008). But these methods
have rarely been applied, if ever, to the Australian lungfish. Several
existing indexes are based on tree topology, but do not consider
branch length (Vane-Wright et al., 1991; May, 1990). Other meth-
ods include branch length in their calculation, such as the ‘‘phylo-
genetic diversity’’ (PD) index introduced by Faith (1992): it
corresponds to the sum of the length of all the branches in a
phylogenetic tree. Branch length in a cladogram corresponds to
the number of the steps (transformation of characters) along the
branch, which may correspond either to molecular or to morpho-

logical features. Branch length is not proportional to time duration
because it depends of the evolutionary rate of the lineage under
study. Lungfishes have a slower rate of evolution of their genome
as compared to tetrapods (Lee et al., 2006), and a low rate of mor-
phological evolution in the last part of their evolutionary history,
i.e. after the Carboniferous (Schultze, 2004). In order to better inte-
grate these evolutionary characteristics and to include data from
the fossil record, we favor here methods that integrate time as
an absolute value. Altschul and Lipman (1990) showed the impor-
tance of branch length when comparing species in the perspective
of conservation biology. Redding et al. (2008) expressed this view
mathematically, the pendant edge (PE), which corresponds to an
absolute value measured in millions of years. These authors
showed that the PE captures well the phylogenetic diversity (PD)
of a group. Isaac et al. (2007) defined a species-specific index, the
‘‘Evolutionary Distinctiveness’’ index (ED), rather similar to the
PE value. This method is used here because it can be applied to a
single terminal taxon in a phylogeny (on the contrary, PD deals
with a set of taxa). The method is detailed in the caption of Fig. 1.

3. Results

We calculated the ‘‘Evolutionary Distinctiveness’’ (ED) for
N. forsteri, as well as for the other living piscine sarcopterygians.
There is a consensus about the phylogeny of living lungfishes:
the African genus Protopterus is the sister genus of the South Amer-
ican Lepidosiren, both forming the sister group of the Australian
lungfish. When fossil taxa are included in the analysis, most clado-
grams also show the pattern ((Protopterus–Lepidosiren) – Neocerat-
odus) with the fossil taxa resolved as stem Dipnoi (Martin, 1982;
Marshall, 1987; Thomson, 1990; Schultze and Chorn, 1997; Schu-
ltze, 2004). On the basis of this pattern, the fossil record of the
recent genera indicates a dichotomy between Lepidosiren and Prot-
opterus at ca. 100 myrs, and a dichotomy between that lineage and
the Neocerotodus lineage at ca. 110 myrs (Fig. 1). However, an alter-
native phylogenetic analysis including new Mesozoic taxa, notably
Ferganoceratodus martini known by a skull roof described from the
Early Cretaceous of Thailand, and resting on new definitions of
characters led to an alternative hypothesis of relationships (Cavin
et al., 2007). In this pattern, several Triassic and Jurassic lineages
are resolved as stem Lepidosireniformes (the order that gathers
Lepidosirenidae + Protopteridae). The dichotomy between Neocer-
atodus and all other living lungfishes should be as old as the oldest
stem Lepidosireniformes, i.e. Early Triassic in age, ca. 250 myrs.

Fig. 1. Phylogeny of living piscine sarcopterygians in a time scale (tree). Fraction numbers above branches correspond to the length of the branch in millions years divided by
the number of its descendent species. ED, or Evolutionary distinctness, correspond to the sum of the values for branches from which species is descended, to the root of the
phylogeny (here the common ancestor of sarcopterygians). Gray branches and values correspond to alternative trees. Bold numbers indicates divergence events or oldest
occurrences. (1) Oldest dipnoan remains, Early Devonian, Pragian, ca. 410 myrs, according to Clément et al. (2006). (2) Divergence between L. chalumnae and L. menadoensis,
5 myrs ago, according to Holder et al. (1999) on the basis of partial mitochondrial gene sequences. (3) Divergence between L. chalumnae and L. menadoensis, 40 myrs ago,
according to Inoue et al. (2005) on the basis of the whole mitochondrial genome sequence. (4) divergence between Neoceratodus and Lepidosireniformes in the Early
Cretaceous, Albian, 110 myrs, on the basis of the oldest fossil record of Neoceratodus (Kemp and Molnar, 1981) and on a Neoceratodus/Lepidosireniformes sister relationships
(for instance Schultze, 2004). (5) Divergence between Neoceratodus and Lepidosireniformes in the Early Triassic, 250 myrs, on the basis of the phylogeny of Cavin et al. (2007),
with recognition of stem Lepidosireniformes in the Early Triassic (not shown on the figure). (6) Divergence between the Lepidosiren and Protopterus lineages, 100 myrs, based
on the analysis of the African fossil record (Otero, 2011). (7) Basal divergence of the extant Protopterus species, Cretaceous-Tertiary transition, ca 65 myrs, according to Tokita
et al. (2005) on the basis of partial sequences of the mitochondrial 16S rRNA. (8) Divergence between P. annectens and P. aethiopicus in ‘‘mid-Tertiary’’, ca. 33 myrs, according
to Tokita et al. (2005).
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Fig. 1 shows both patterns and their implications on the calculation
of the ED indexes. In the first phylogenetic hypothesis, the ED in-
dex of N. forsteri equals 160. This is slightly superior to ED index
of Lepidosiren paradoxa (152) and to Protopterus spp. (125.7 and
109.7). This index is lower than those calculated for both species
of Latimeria, whatever age is retained for the separation of both liv-
ing species (ED = 207.5 according to a divergence time of 5 myrs
(Holder et al., 1999) and ED = 225 according to a divergence time
of 40 myrs (Inoue et al., 2005)). In the second hypothesis, i.e. an
individualization of the Neoceratodus lineage 250 myrs ago, the
ED of that species rises to 276.6. This makes it significantly higher
than the ED of Lepidosiren (156.6) and Protopterus spp. (130.5 and
114.4), and also higher than the ED index of Latimeria spp. (225.
Mention should be made that with a single living species of coela-
canth, i.e. the situation before the description of L. menadoensis in
1999, the ED index of L. chalumnae would have been of 410).

4. Discussion

Is not possible to compare the ED value of Neoceratodus to pub-
lished values for other sarcopterygians (for instance values for
mammals (Isaac et al., 2007)), because those are calculated from
the common ancestor of the group under study (mammals) and
not from the common ancestor of all sarcopterygians. However,
we can safely hypothesize that the ED value for N. forsteri is the
highest among sarcopterygians, and among vertebrates, because
(1) only two nodes separates the terminal taxon from the common
ancestor of sarcopterygians (one dichotomy with tetrapods and
one dichotomy with other lungfishes) and (2) because of the very
long terminal branch (120 or 250 myrs according to the chosen
phylogeny). All other putative vertebrate candidates, usually re-
garded as living fossils, show either shorter terminal branches
(for instance the bichirs, reedfishes, gars) or have much more
nodes separating them from the common ancestor of vertebrates
(for instance the aardvark, tuatara, bowfin).

5. Conclusion

Isolated tooth plates of N. forsteri were found in the Early Creta-
ceous (Albian) of Lightning Ridge, Griman Creek Formation, New
South Wales (Kemp and Molnar, 1981). This occurrence makes this
species (and this genus) the oldest surviving species of vertebrate.
The new data presented in this paper indicates, moreover, that
N. forsteri display the highest ED index among vertebrates, and
points out the uniqueness of this fish and the importance of its
conservation. Beyond the impact of fossils on calculation of in-
dexes supporting (or not) conservation decisions, we notice that
a better understanding of the fossil record not only unveils the con-
tingent and unique history of life on Earth, but also impacts on the
‘‘evolutionary significance’’ of living organisms and consequently
on their conservation status.
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