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Abstract
High species diversity and endemism within Madagascar is mainly the result of species ra-

diations following colonization from nearby continents or islands. Most of the endemic taxa

are thought to be descendants of a single or small number of colonizers that arrived from Af-

rica sometime during the Cenozoic and gave rise to highly diverse groups. This pattern is

largely based on vertebrates and a small number of invertebrate groups. Knowledge of the

evolutionary history of aquatic beetles on Madagascar is lacking, even though this species-

rich group is often a dominant part of invertebrate freshwater communities in both standing

and running water. Here we focus on large bodied diving beetles of the tribes Hydaticini and

Cybistrini. Our aims with this study were to answer the following questions 1) How many col-

onization events does the present Malagasy fauna originate from? 2) Did any colonization

event lead to a species radiation? 3) Where did the colonizers come from—Africa or Asia—

and has there been any out-of-Madagascar event? 4) When did these events occur and

were they concentrated to any particular time interval? Our results suggest that neither in

Hydaticini nor in Cybistrini was there a single case of two or more endemic species forming

a monophyletic group. The biogeographical analysis indicated different colonization histo-

ries for the two tribes. Cybistrini required at least eight separate colonization events, includ-

ing the non-endemic species, all comparatively recent except the only lotic (running water)

living Cybister operosus with an inferred colonization at 29 Ma. In Hydaticini the Madagas-

can endemics were spread out across the tree, often occupying basal positions in different

species groups. The biogeographical analyses therefore postulated the very bold hypothe-

sis of a Madagascan origin at a very deep basal node within Hydaticus and multiple out-of-

Madagascar dispersal events. This hypothesis needs to be tested with equally intense

taxon sampling of mainland Africa as for Madagascar.
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Introduction
Madagascar has been isolated for 130–160 Ma from mainland Africa and 80–90 Ma from India
[1]. Being the fourth largest island on Earth, it presents five biomes with unique vegetation
compositions [2], providing ample opportunities for endemic radiations [3]. The level of ende-
mism on Madagascar is unmatched by any other similar-sized area: 83% of plants, 99% of am-
phibians, 92% of reptiles, 52% of birds, 93% of freshwater fishes, 100% of terrestrial mammals
and 86% of invertebrates [4]. This high rate of endemism typically occurs not only at species
level, but also at higher taxonomic levels, i.e. 23 out of 24 genera and 1 out of 4 families of am-
phibians are endemic to Madagascar [3].

High species diversity and endemism on large oceanic islands is often the result of radia-
tions following vicariance events or colonizations from nearest continents or other islands [5].
Numerous endemic clades of Malagasy taxa arrived from mainland Africa, but some seem to
have their origins in Asia or even South America [1, 6, 7]. Speciation due to continental vicari-
ance events related to the break-up of Gondwana are presently limited to few potential exam-
ples of sufficient age such as freshwater crayfish [8, 9]. The vast majority of studies report that
endemic species have their origins in later colonizations of the island, sometime during the Ce-
nozoic, when Madagascar was already surrounded by sea [1, 10, 11]. Moreover, it is commonly
found through phylogenetic reconstruction, that endemic diversity on Madagascar can be
traced back to single or a small number of colonization events. The classical example of this for
terrestrial mammals includes the flagship animals, and largest tourist attraction on Madagas-
car, the lemurs. Lemurs, tenrecs, rodents and even carnivorans, previously classified as felids
and mongoose, can each have their origin traced back to divergence on the island after single
asynchronous colonization events [1, 12–14].

While mammals, birds, amphibians and reptiles have been the main focus of much of the
research into colonization and speciation on Madagascar, studies on the hugely diverse insects
are starting to appear. It has been reported that 90–100% of Malagasy insect species are endem-
ic to the island, but share many family and genus level affinities with mainland Africa [4]. Simi-
lar to vertebrates, most analyses suggest Cenozoic transoceanic dispersal events in various
insect groups. For example, studies on dung beetles [15] showed Late Cenozoic origins fol-
lowed by several in situ radiations [16–18]. Malagasy carpenter bees exhibit several dispersal
events from Africa to Madagascar ranging from 25 to 9 Ma [19], and for the Malagasy Alloda-
pine bee clade colonizations were inferred to be around 40–43 Ma [20, 21]. Pierid butterflies
suggest that major diversification in Colotis occurred in Africa with subsequent dispersal to
India and Madagascar [22]. Also mayflies were reported to have colonized Madagascar multi-
ple times [23]. However fungus-growing termites of Madagascar all originated from a single
colonization event at 13 Ma [24].

Although the majority insects groups have wings and are capable of flight, their ability for
long distance flight varies immensely. Some dragonflies, butterflies and Dipterans are true mi-
grants and can traverse thousands of kilometers following trade winds and favorable air cur-
rents [25]. Other winged insects such as species of mayflies, caddisflies, and stoneflies are
capable of flight but rarely fly more than 100 meters lateral to their place of birth [26]. This
difference in behavior and flight capacity naturally has an effect on the colonization potential
of oceanic islands. Similar to terrestrial mammals, insects also could have rafted on blocks of
vegetation washed out from river deltas, utilizing favorable sea currents during parts of the
Cenozoic, to cross the Mozambique channel and arrive on the shores of Madagascar in some
25 days [27]. More importantly, flight capacity may have a crucial influence on what happens
after a successful colonization. What level of flight capacity is sufficient for upholding geneflow
across an island the size of Madagascar, preventing further speciation? At what level of flight
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capacity do the larger rivers constitute dispersal barriers capable of giving rise to speciation and
the type of microendemic distribution pattern seen in many groups [28]? These questions have
so far been poorly explored when it comes to the origin and diversification of endemic insects
on Madagascar. Time-calibrated phylogenetic species-level analyses may not only answer the
question of when and how many times Madagascar was colonized, but also the fate of the arriv-
als, their dispersal capacity relative to island size and its influence on geneflow, panmixis or in
situ diversification.

The colonization and speciation history of freshwater beetles on Madagascar is largely un-
known. This species-rich group is often a dominant part of smaller freshwater communities
and is important as indicator for freshwater biodiversity assessment [29]. Freshwater habitats
are the most threatened ecosystems on earth and conservation efforts for the remaining natural
aquatic habitats of Madagascar are badly needed [30–32]. Water beetles in Madagascar range
from species less than a millimeter in length to almost four centimeters, absolute flight capacity
often being correlated with body size. The group contains numerous species, both endemic and
non-endemic, as well as some endemic genera with species radiations. Here we focus on the
large bodied diving beetles (Dytiscidae) of the tribes Hydaticini and Cybistrini. Both tribes
have a worldwide distribution [33] and inhabit mostly standing waters but also slower or pro-
tected parts of running waters [34]. Adults generally have good flight capability and can be
found in both temporary and permanent water bodies [35]. However, for most species, docu-
mentation of actual observed flight is lacking. Both tribes have recently been the focus of phylo-
genetic analysis on a global scale [34, 36]. These phylogenies provide the global framework
necessary to test the origin, timing and number of colonization events to Madagascar. By sam-
pling all Malagasy species in these tribes and include them in these frameworks we can answer
the questions of when, from where, and how many times has Madagascar been colonized.
Fourteen species of Hydaticini and nine species of Cybistrini are known fromMadagascar [37],
but many are very rare and only known from the type localities, or old historical records. Here,
after four expeditions 2006–2012 across the island, we have sampled fresh material for 21 of
the 23 known species (Fig. 1), and attempted to extract DNA from the remaining two species
from historical museum material. Our aim is to answer the following questions 1) How many
colonization events do the present Malagasy species originate from? 2) Did any colonization
event lead to a species radiation? 3) Where did the colonizers come from and have there been
any out-of-Madagascar events? 4) When did these events occur and were they concentrated to
any particular time interval?

Materials and Methods

Taxon sampling
Collecting was done under permits provided by Ministère de l’Environment et des Forets:
No.82/06/MINENV.EF/SG/DGEF/DPB/SCBLF/RECH (2006), No.250/06/MINENV.EF/SG/
DGEF/DPB/SCBLF/RECH (2006–2007), No266/09/MEF/SG/DGF/DCB.SAP/SLRSE (2009),
No250/11/MEF/SG/DGF/DCB.SAP/SCB (2011–2012). We used GB water nets, bottle traps
and crayfishtraps, the latter two baited with fish, liver, catfood or lightsticks. Specimens were
preserved in the field in 95% ethanol and later transferred to absolute ethanol and stored in
-20°C freezers. Tissue from large specimens of Cybistrini were either extracted from the thorax
region already in the field, or ethanol was injected to the hameolympha post-mortem with a sy-
ringe, as DNA degradation otherwise can occur due to the slow permeability of their exoskele-
ton and replacement of bodyfluids with ethanol. Several of the non-endemic species, like
Hydaticus dorsiger,H. exclamationis,H. bivttatus,H. servillianus, Cybister senegalensis, and
Cybister vulneratus were found in degraded antropogenically disturbed habitats. The endemic
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Fig 1. Collecting localities from four expeditions 2006–2012 across the island and known species of Cybister andHydaticus on Madagascar.
Species in frames represent species that are endemic to Madagascar. Photos by Harry Taylor and Johannes Bergsten.

doi:10.1371/journal.pone.0120777.g001
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Hydaticus nigrotaeniatus, H. sobrinus and H. petitii were found in several natural habitats of
rainforest at midaltitude. The endemic species Cybister tibialis was only found in 2009, in an
area of the drier western deciduous region. Endemic Hydaticus ornatus was found in some
numbers in deep canyons of the Isalo National Park in the southwest. Endemic Hydaticus
madagascariensis was only known from historical records in the Paris museum without de-
tailed locality information, but a few specimens were found in 2012 on the lowland eastcoast.
Endemic Hydaticus limnetes and H. saecularis, only known from the type material was found
in numbers by tramping the vegetation at a forest swamp without visible surface water in Rano-
mafana National Park (midaltitude rainforest).

The only two known species we have not managed to find are Hydaticus plagiatus and Cyb-
ister dytiscoides. Hydaticus plagiatus is only known from the unique type specimen in the Paris
museum, without any locality detail except Madagascar. Cybister dytiscoides is the largest div-
ing beetle species on Madagascar and is known from a few specimens only. These large diving
beetles are fast swimmers and difficult to catch with a hand net why we have used baited bottle
traps or crayfish traps overnight at numerous localities. With these we have managed to collect
the other large Cybister species but unfortunately not C. dytiscoides. Like with other non-recov-
ered known species after extensive inventory, it is not unlikely that they are extinct, especially
when the only known localities are correlated with forest loss since they were discovered [38].
A recent collecting expedition in late 2014 to the northeast area (Marojejy NP and Anjanahar-
ibe-Sud NP, not marked in Fig. 1) also failed to find these species and neither recovered any
new species from the target groups. Screening of potential cryptic species using large through-
put sequencing of CO1 for multiple individuals per species has not found any new potential
species of Hydaticini or Cybistrini apart from in one case [30, 39]. The endemic Hydaticus
nigrotaeniatus which occurs throughout the eastern rainforest belt from north to south vary in
colour pattern and showed considerable genetic variation related to geography. But it has not
yet been evaluated if the variation is a gradual distance-decay relationship or a discontinuous
variation in this species why we here treat it as a single species.

We also added the afrotropical Hydaticus dregei as a representative of the speciosus species-
group of Hydaticus as this was not represented in Miller et al. [34], and the Mauritius endemic
Cybister desjardinsii for dating purposes (see below).

Morphology
The previously published datasets for Hydaticini and Cybistrini included morphological char-
acter matrices of 36 and 47 characters respectively, mostly informative between genera and
subgenera [34, 36]. Character states were scored for the added species and coded according to
previous descriptions [34, 36, 40]. The morphological character matrices were analyzed with a
markov k model [41] together with the molecular data.

DNA sequence
DNA extraction, PCR and sequencing were done for the 21 species with freshly collected mate-
rial following the protocol described in Bukontaite et al [42]. To include the species into the
datasets compiled by Miller et al. [34, 36] we amplified and sequenced the same two mitochon-
drial and two nuclear genes as in these studies: cytochrome c oxidase subunit I and II (COI and
COII), Histone (H3) and wingless (Wnt). For the last two known Madagascan species C. dytis-
coides and H. plagiatus we attempted to extract degraded DNA from specimens borrowed from
the Paris museum. After permission was given we carefully removed one hind leg and placed it
in extraction buffer provided with DNEasy DNA extraction kit (Qiagen, Valencia, CA) follow-
ing the manufacturer’s recommendation, except for that 20 μl of 1 molar DTT (dithiothreitol)
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was added during the lysis stage. After overnight incubation the hind leg was recovered intact
and reglued to the specimen providing a near non-destructive DNA extraction of these valu-
able materials. We attempted to sequence short 100–200bp fragments of COI using newly de-
signed primers: 5’ACT AAT GGA AAT GAG CAA CAA CA and 3’GAG CTT ATT TTA CTT
CAG CAA CT. We were unable to amplify any DNA from the holotype of H. plagiatus, but for
C. dytiscoides we managed to sequence a short authentic gene fragment. Sequences are submit-
ted to NCBI GenBank under accession numbers KP280087-KP280171 (S1 Table).

Chromatograms were edited in Sequencher 4.10 (Gene Codes Corporation), contigs were
created from forward and reverse reads and primer regions were removed. DNA sequences
were aligned together with the sequences downloaded from Genbank fromMiller et al. [34, 36]
with MUSCLE [43] in MEGA 5 [44]. Data tables and matrices were created with Voseq 1.7.3
[45] (S1 Table).

Phylogenetic analyses
We used Bayesian inference to estimate the phylogenetic placement of the Malagasy species to
each other and to the species sampled worldwide in the two published studies by Miller et al.
[34, 36]. In addition, we used Maximum Likelihood (ML) with bootstrap analysis to assess
clade support values. As outgroups to root the trees we used the same representatives from re-
lated tribes in the subfamily Dytiscinae as used in previous datasets [34, 36]: Thermonectus var-
iegatus, Notaticus fasciatus, Dytiscus marginalis, Dytiscus verticalis and Hyderodes shuckardi.

Miller et al. [34] tested the best partitioning scheme for datasets with multiple nuclear and
mitochondrial genes using Bayes factors. They concluded that separating genome source (mi-
tochondrial or nuclear) and codon position was significantly better than gene specific parti-
tions. Therefore we analyzed both combined datasets with 7 partitions; 1st, 2nd and 3rd codon
positions for nuclear and mitochondrial genes as separate partitions, and the morphological
characters as the 7th partition. Analyses were conducted using RAxML-HPC BlackBox 8.1.11
[46] and MrBayes 3.2.2 [47] on Cyberinfrastructure for Phylogenetic Research (CIPRES) Sci-
ence Gateway portal V 3.3. (without the BEAGLE option) (www.phylo.org/index.php/portal/).

The Bayesian analyses used the same model settings for the seven partitions as published in
the original papers by Miller et al. [34, 36]. For Cybistrini this meant that each partition had a
GTR+I+G model but that the substitution rate and state frequency parameters were linked
across the nuclear and mitochondrial partitions, respectively, and that the gamma shape pa-
rameter was linked across the 1st and 2nd nuclear and mitochondrial codon partitions, respec-
tively. For Hydaticini the partitions were given the models suggested by the Bayesian
Information criterion as calculated by MrModeltest [48]: COI-COII_pos1: GTR+I+G, COI--
COII_pos2: HKY+I+G, COI-COII_pos3: HKY+G, H3-Wnt_pos1: GTR+G, H3-Wnt_pos2:
JC+G, H3-Wnt_pos3: HKY+G.

However the authors reported the possibility of an effect from long branch attraction be-
tween the species H. nigrotaeniatus andH. parallelus in the Hydaticini dataset [34]. For this
reason, we changed the default branchlength prior to an exponential distribution with a mean
of 0.01 (rate parameter = 100) in an attempt to eliminate biased branch lengths [49, 50].

In the Hydaticini analysis, for dating purposes (see below) we also needed to include the
taxa from the sistergroup of Hydaticini, Aciliini+Eretini [42]. As Aciliini, Eretini and their sis-
tergroup relationship was overwhelmingly supported by the eight gene dataset in Bukontaite
et al. [42] we here included this as a prior and constrained them as monophyletic. Two parallel
analyses for each datasets were run each with one cold and three heated chains for 10 000 000
generations with a sample frequency of 1000. A burn-in fraction of 25% was discarded and the
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remaining 7500 trees from both runs pooled before a majority-rule consensus tree
was calculated.

Convergence and mixing was assessed using the statistics provided by the MrBayes program
and by using Tracer v 1.5. [51]. The convergence of the topologies were tested by using the cu-
mulative command in AWTY, which displays the posterior probabilities of splits over a
MCMC run [52]. ML analyses were run with the GTRGAMMAmodel (for the best tree search)
and GTRCAT model (for boostrap support) for each of the same partitions as above in
RAxML BlackBox [53].

The final trees were visualized in FigTree 1.3.

Dating
Calibrated trees were obtained by using the topology retrieved fromMrBayes in BEAST 1.7.4.
[51]. We used the same partitions as in the phylogenetic analyses and allowed each a separate
substitution rate. The uncorrelated lognormal clock was used to relax the equal rates constraint
across the tree [54]. For calibrating the trees we used different calibration points for Hydaticini
and Cybistrini.

Hydaticini
There are few fossil records of the Hydaticini tribe, all very recent and too young to be useful as
calibration points [33]. For this reason we used the fossil record of Acilius florissantensis (age
34 Ma) as a crown-node constraint of Acilius following Bukontaite et al. [42]. The interpreta-
tion of the fossil as belonging to the crown node of Acilius was supported by vicariance-fa-
voured biogeographical analyses, but see Bukontaite et al [42] for a discussion. The prior on
the age of the node was set to a lognormal distribution with an offset at 34,0 Ma (mean = 7,
logStd = 0,5), which gives 95% of the prior distribution between 36 and 50 Ma.

Cybistrini
Again, few useful fossils are available for Cybistrini [33] and in addition Miller and Bergsten
[36] showed that Cybistrini is not even closely related to Dytiscinae and were by the authors el-
evated to separate subfamily status. Instead, we tentatively used a geological event as calibration
by including the Mauritius endemic species Cybister desjardinsii. Mauritius is a volcanic island
with an estimated geological age of 7–8 Ma [55], which provides a potential maximum age for
the endemic species C. desjardinsii (but see Heads [56] for a general critique of using island
ages to date island endemics). We set up the prior for the age of the MRCA of C. desjardinsii
and its sister with a lognormal distribution with stdev = 0,2 and mean = 1,8. This prior quanti-
fies our prior beliefs that speciation occurred maximum 8 Ma but with maximum probability
somewhat later around 5–7 Ma and with a decreasing probability towards present.

As this calibration point is very recent, we also used a deeper secondary calibration point be-
tween Thermonectus and Dytiscus, which was obtained from the analysis of Bukontaite et al.
[42]. We used a normal distribution prior with mean = 112 and Stdev = 12, which covers the
95% age interval as estimated by the authors.

Biogeography
The current distribution areas of species were obtained from Nilsson [33] but in some cases
modified following Löbl and Smetana [57]; if e.g. Palearctic occurrence in Nilsson [33] is based
on a marginal contact with the Palearctic zooregion in an otherwise entirely Afrotropical
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distribution it was scored as Afrotropical. Madagascar was treated as a separate area from the
Afrotropical region.

We used three methods to reconstruct the ancestral distribution of hypothetical ancestors
(internal nodes). Bayes-DIVA by Nylander et al. [52], alternative Bayes-DIVA by Harris and
Xiang [58] implemented in S-DIVA (Statistical Dispersal-Vicariance Analysis) [59] and Dis-
persal-Extinction-Cladogenesis (DEC) in LaGrange [60, 61].

Both DIVA methods account for phylogenetic uncertainties by integrating over a sample of
trees and represent improvements to DIVA, which was developed by Ronquist [62]. The origi-
nal DIVA [62] is a parsimony based method which reconstructs the ancestral distribution of a
group of organisms using a cost benefit metric in which dispersal event cost and vicariance
events are free. DIVA reconstructs the ancestral area of a lineage without relying on any previ-
ous knowledge of the history of the areas (i.e. unlike cladistics biogeography) [52]. However, a
practical drawback of the original DIVA method is that it can only handle single fully bifurcat-
ing trees, in effect ignoring phylogenetic uncertainty in the biogeographical reconstruction.
This means that even weakly supported nodes in a phylogenetic tree are treated as true and
without error which can mislead the ancestral history reconstruction [52, 63]. To get around
this drawback, Nylander et al. [52] and Harris and Xiang [58] proposed Bayesian approaches
that accounts for phylogenetic uncertainty and calculate probabilities for alternative biogeo-
graphic histories of lineages. Both methods apply the original DIVA algorithm to every tree in
a pool of trees sampled from the posteriors distribution of topologies. The two Bayes-DIVA
methods differ in the way they book-keep the frequency of multiple ancestral areas at a node F
(r y)t for each tree. F(r y)t is the occurrence of ancestral range r at node y in tree t. Nylander
et al. [52] record this fraction as 1/N, where N is the total number of alternative ancestral distri-
butions at the node. This does not take into account the frequency of ancestral range r in all
equally parsimonious pathways optimized by DIVA. Harris and Xiang [58] instead used the ac-
tual frequencies, i/Rt, where i is the number of times range r occurs in the total number of MP
pathways (Rt) as optimized by DIVA.

Here we run both DIVA methods on the sample of 15000 trees of Hydaticini and Cybistrini
datasets obtained fromMrBayes with maximum areas at each node set to 2 [62]. As in the cur-
rent S-DIVA version 1.9, the alternative-Bayes DIVA method is limited by the number of taxa
and we therefore removed the outgroups and all but one representative from subgenus Hydati-
cus. All Madagascan species belong to subgenus Prodaticus and the monophyly of each is
strongly supported [34] why we believe this does not affect the result other than potentially at
the root node.

As both Bayesian DIVA methods are based on parsimony optimizations on each individual
tree we also ran a model-based biogeographical analysis. Dispersal-Extinction-Cladogenesis
(DEC) model described by Ree et al. [61] and Ree and Smith [60] is based on a stochastic
model, in which evolution of geographic ranges both along a branch and at the node are mod-
elled explicitly. It attempts to estimate how ancestral areas were inherited by daughter lineages.
This model is evaluated in a likelihood framework, and the ancestral range inheritance scenario
with the best likelihood of observing the current species distributions is chosen as optimal. We
ran the DEC model with an equal constraints dispersal matrix in the software LaGrange [61]
on the dated trees of Hydaticini and Cybistrini obtained from BEAST. To summarize the out-
put from LaGrange we ran the BioGeoBEARS package [64] in R (www.r-project.org), to visual-
ize the most probable ancestral distribution scenarios on tree nodes.
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Results
The combined datasets comprised 3011 characters for Hydaticini (2975 bp + 36 morphological
characters) and 2800 characters for Cybistrini (2753bp +47 morphological characters). The at-
tempt to sequence DNA from>100 year old dry-pinned museum material gave one 238 bp
COI segment for C. dytiscoides, but was not successful forH. plagiatus. Cybister dytiscoides
was included only in a single-gene COI analysis of Cybistrini to infer its approximate position
(S1 Fig.), but not in the combined analysis due to the problems associated with missing data. In
the COI tree C. dytiscoides came out in the subgenus Cybister clade as expected but in an unre-
solved position (S1 Fig.).

Species-group relationships were largely similar to those of Miller et al. [34, 36] and here we
only focus on the phylogenetic affinity, age and origin of the added Malagasy species. One ex-
ception was that in the Bayesian Cybistrini analysis, NeotropicalMegadytes was nested inside
Cybister rendering the latter paraphyletic which was not recovered by Miller et al. [36]. This
was, however, poorly supported and the ML analyses, instead, hadMegadytes as sister to Cybis-
ter, also with low support (S2 Fig.). ML and Bayesian analyses, otherwise, obtained similar
placements of Madagascar taxa, but with bootstrap values, in general, lower than posterior
probability values (Figs. 2 and 3, S2 and S3 Figs.). Below we present only the result from the
Bayesian analysis as the downstream biogeographic analyses accommodated phylogenetic un-
certainty in a Bayesian context.

Phylogenetic relationships
The phylogenetic analysis of Hydaticini placed the 13 species on Madagascar mostly with high
support in different species groups, but the basal resolution between these species groups was
not well supported (Fig. 2). The two endemic species H. sobrinus and H. kolbei were both re-
covered in the leander species group, but not as sister species. The two endemic vittatus-group
species, H. petitii and H.madagascariensis, were neither recovered as sister taxa. H. petitii came
out as basalmost in the vittatus species group together with oriental H. pictus with moderate
support (pp = 0.93). H. pictus was prior to Miller et al [36] classified in its own genus.H.mada-
gascariensis was instead nested deeper in the vittatus group and sister toH. vitticollis
(pp = 1.0). H. ornatus was found as a sister species to the Afrotropical H. dregei in the speciosus
group with strong support (pp = 1.0). The endemic H. limnetes and H. saecularis were placed
with moderate (pp = 0.91) and high (pp = 1.0) support respectively as basal to the caffer species
group but not as sister taxa. Endemic H. nigrotaeniatus came out as sister species to Australian
H. parallelus, the relationship shown by Miller et al. [34] to be affected by long branch attrac-
tion. None of the non-endemic species on Madagascar came out as sister to any of the endemic
species, but two of the non-endemic species, H. exclamtionis and H. intermedius were sisters
(pp = 1.0).

The dataset of Cybistrini gave a phylogeny with mostly high support with regard to the
placement of Malagasy species except for C. operosus (Fig. 3). Similar to Hydaticini, none of
the endemic species of Cybistrini came out as sister species or monophyletic groups. Western
Madagascan C. tibialis was recovered as basal to the tripunctatus group in which also the en-
demic C. cinctus belong. The endemic C. operosus with the, for the genus, unusual preference
of occurring in running water, was recovered within the subgenusMelanectes (pp = 1.0), but
without any close relatives. Endemic C. guignoti formed the sister species to non-endemic C.
senegalensis (pp = 1.0). The remaining non-endemic subgenusMelanectes species C. owas and
C. vulneratus formed separate rather recent colonizations. The monotypic subgenusMegady-
toides with the widespread non-endemic C.marginicollis came out as basal to the subgenus
Melanectes clade with strong support (pp = 1.0).
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Fig 2. Timetree of Hydaticini. Time-calibrated Bayesian phylogeny obtained with BEAST. The numbers indicate estimated divergence time for each node/
posterior probability support for the node. Maps represent zoogeographical areas used to obtain the ancestral distributions. Pie charts at internal nodes: a)
Ancestral reconstruction obtained from the S-Diva methods, b) ancestral reconstruction obtained from the DECmethod.

doi:10.1371/journal.pone.0120777.g002

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 10 / 22



Biogeographic analyses
All three biogeography methods produced highly similar results. The DEC model, based on a
likelihood approach, indicated similar biogeographic scenarios as both S-DIVA methods, but
with a few disagreements. Only for the estimated ancestral ranges of the nodes close to the root
did Bayes-DIVA and alternative Bayes-DIVA show any differences.

For the Hydaticini phylogeny both DIVA and DEC approaches inferred Madagascar as the
most likely ancestral range for the basal nodes in subgenus Prodaticus except the basalmost
nodes connecting the Neotropical subfasciatus group and the Pacific/Oriental pacificus group.

Fig 3. Timetree of Cybistrini. Time-calibrated Bayesian phylogeny obtained with BEAST. The numbers indicate estimated divergence time for each node/
posterior probability support for the node. Maps represent zoogeographical areas used to obtain the ancestral distributions. Pie charts at internal nodes: a)
Ancestral reconstruction obtained from the S-Diva methods, b) ancestral reconstruction obtained from the DECmethod.

doi:10.1371/journal.pone.0120777.g003
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This unexpectedly suggests an out-of Madagascar scenario for the vittatus, caffer, speciosus
and leander specious groups. The direction of out-of Madagascar dispersals pointed to both
the Afrotropical and the Oriental region, somewhat more frequent to the former (S4, S5, and
S6 Figs.).

The S-DIVA and DEC analyses for the Cybistrini dataset obtained similar ancestral areas
over the tree except for the basal nodes ofMegadytoides/Melanectes. The subgenus Cybister
was inferred to come from an ancestor with an oriental distribution range with all methods
(Fig. 3). Within this group there were either one or two dispersal events to Madagascar. For the
origin of theMegadytoides +Melanectes the DEC model suggested the ancestor originated in
Madagascar and dispersed out-of-Madagascar whereas S-DIVA suggested colonizations from
Africa to Madagascar and also further to Oriental region withinMelanectes. Consequently, the
direction of dispersal between Africa and Madagascar for the non-endemic C. owas and C. vul-
neratus also differed between S-DIVA (Africa to Madagascar) and the DEC model (Madagas-
car to Africa). However, in the latter case the African origin was suggested as the second most
probable scenario (S7, S8, and S9 Figs.).

Dating
In Hydaticini the dating analysis estimated the crowngroup age of subgenus Prodaticus to
49 Ma (95%HPD: 40–62 Ma). As the biogeographic analysis inferred a Madagascan coloniza-
tion already for the ancestor of the vittatus, leander, caffer and speciosus groups this was in-
ferred to have occurred sometime between 45–49 Ma (HPD: 36–62 Ma). The multiple inferred
out-of-Madagascar dispersal events in all four species groups were estimated to have occurred
in the Oligocene and first half of Miocene. The only unambiguous dispersal event to Madagas-
car from Africa for the ancestor of endemic H.madagascariensis was inferred to be of Miocene
origin 6–18 Ma (HPD: 3–24 Ma).

The dating analysis of Cybistrini estimated the crowngroup age of Cybister (incl.Megadytes)
to 64 Ma (HPD: 47–85 Ma). In subgenus Cybister the single oriental-to-Madagascar coloniza-
tion scenario was dated to around 38–35 Ma (HPD: 25–51 Ma). The scenario of two separate
oriental-to-Madagascar colonization events would have occurred sometime between 10–35 Ma
(HPD: 5–46 Ma). Cybister operosus of theMelanectes clade seem to be the oldest endemic line-
age in the tribe. Under the S-DIVA optimizations the ancestor of C. operosus colonized Mada-
gascar from Africa 29–33 Ma (HPD: 20–44 Ma).

Discussion
Many endemic species of Madagascar seem to originate from one or only a few transoceanic
dispersal events to the island, which subsequently gave rise to highly diverse groups. For exam-
ple, lemurs on Madagascar can be traced back to a single colonization event about 49–66 mil-
lion years ago but have diverged into more than 100 endemic species [1, 4, 12]. A Similar
pattern of single or just a few colonization events has also been found in various insect groups.
For example, Allodopine bees on Madagascar seem to originate from two colonization events
which have resulted in 35 endemic taxa [20, 21]. Fungus-growing termites of Madagascar all
originate from a single colonization event [24]. The mayfly genus Compsoneuria in Madagascar
was inferred to have a single origin with a lineage in mainland Africa as sister [65]. Canthonini
dung beetles were estimated to have colonized Madagascar in a single event and later evolved
into multiple endemic taxa [18]. But there are also examples of multiple colonization events
without significant species radiations. The analysis of pierid butterflies suggests that major di-
versification in Colotis occurred in Africa with at least seven subsequent dispersals to Madagas-
car producing eight endemic species [22]. It has been reported that Nephila spiders colonized
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Madagascar more than ten times without any species radiation [6, 66]. The large-bodied diving
beetles in the tribes Hydaticini and Cybistrini, analyzed here, seems to follow this second pat-
tern. The history of Cybistrini at least can be summarized as multiple colonizations with no
species radiations. Similarly, the analysis of Hydaticini indicated that the 13 species on Mada-
gascar did not form any monophyletic groups or even a single example of a sister-group rela-
tionship between two endemic species.

The lack of endemic clades within this group can have different explanations. Firstly, for
some reason, biotic and or abiotic factors related to the island, the organisms, or some interac-
tion did not provide favorable conditions for in situ radiations. Second, there might have been
in situ radiations but within which descendants also spread to other regions rendering such ra-
diations paraphyletic. Lastly, there might have been in situ radiations but past, or even recent
anthropogenically mediated extinctions, might have left but a fraction of the original diversity
in the group.

Concerning the first option, there have been several studies focusing on hypotheses explain-
ing what environmental factors could serve as barriers for gene flow on Madagascar leading to
speciation. Wilme et al. [28] proposed that areas between river catchment systems at low eleva-
tions, were zones of isolation during periods of drier climate and hence led to speciation of lo-
cally endemic species, especially vertebrates. Raxworthy et al. [67], on the other hand,
highlighted the climatic gradients across Madagascar and suggested these might have been the
driving force behind the microendemic pattern seen in many groups today. Pearson and Rax-
worthy [68] tested to what degree distribution data of lemurs, and three groups of reptiles, co-
incided with the predicted areas of endemism from each hypothesis. They found support for
both the watershed and the climate hypothesis in different terrestrial vertebrates. However,
most insects are capable of flight and the larger rivers on the island are unlikely to constitute
dispersal barriers, at least for insect with the flight capacity similar to most large diving-beetles.
Insects can also be transferred by wind or water currents long distances. Our results suggest
that neither the parameters in the “watershed hypothesis” nor of the ”current climate hypothe-
sis” have been significant gene flow barriers for species of Hydaticini and Cybistrini.

For the Hydaticini clade, our results from the biogeographical analysis instead strongly fa-
vored the second, out-of-Madagascar option. According to this analysis most of the endemic
species do stem from a number of rather old in situ speciation events, but where descendants
later spread to the African or Oriental regions. Out-of-Madagascar dispersal events have been
inferred for a number of other groups as well. Especially, the surrounding Mascarene and
Comoros islands have been the recipients of flora and fauna fromMadagascar [7, 69–74] but
also a number of cases to mainland Africa [71, 72, 75, 76]. Similar “out of island” dispersal pat-
terns were inferred also from other insular biodiversity hotspots. Balke et al., [77, 78] recog-
nized the island of New Guinea as a “biodiversity pump” from which Colymbetinae Rhantus
diving beetles dispersed both to Australia and jumped across Wallace's line to Oriental and Pa-
learctic regions [79]. Filardi and Moyle [80] called such dispersal “upstream colonization”, and
exemplified it with a pan-Pacific bird group which recolonized continental areas from remote
islands. Another example is the Hawaiian diversification and subsequent out-of-Hawaii dis-
persal of Drosophilid flies [81].

Sanmartin and Ronquist [82] evaluated the frequency of dispersal and showed that the dis-
persal fromMadagascar to Africa was higher than from Africa to Madagascar sometime during
Cretaceous and early-Tertiary. Our estimated divergence times of endemic species are younger;
around Oligocene and Miocene so they do not fit this pattern even though the age estimates
should be taken with great caution (see discussion below). Moreover, most out-of-Madagascar
examples have been of clades where the majority of the global diversity also occurs on Mada-
gascar. Madagascan origins are in those cases also supported by the common correlation
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between clade age and diversity [83, 84]. The present analysis of Hydaticini seems to suggest a
Madagascan origin for a clade most diverse in the Afrotropical and Oriental regions, and only
a minority of species in Madagascar. We are not aware of any previous examples of this, and
while being a very bold and intriguing hypothesis, we also present a potential caveat related to
differences in sampling intensity in natural habitats (see below).

Independent of the direction, the timing of these transoceanic dispersal events is in agree-
ment with a general pattern seen in other groups as reviewed by Yoder and Novak [1]. Most
endemic taxa of Madagascar can be traced to a most recent common ancestor in the Cenozoic.
Madagascar was for the entire Cenozoic period an island surrounded by ocean, hence transoce-
anic dispersal is the sole option for this time period. Previous recurs to Gondwana break-up vi-
cariance explanations have largely been abandoned since the age of phylogenetic dating. A
recent study by Samonds et al. [85] focused on dispersal abilities and rates of arrival over time
for Malagasy vertebrate groups by classifying them into freshwater obligate, terrestrial and dis-
persal-advantaged. They concluded that during the Late Jurassic, when eastern Madagascar
was still attached to India and its south was flanked by Antarctica/Australia, the rate of arrival
was highest for freshwater ancestors. In contrast, during the Cenozoic the arrival rate for dis-
persal-advantaged taxa was three times higher than that of dispersal-disadvantaged taxa. It has
been reported that adult diving beetles in general have good flight capacity which would place
them in the dispersal-advantaged category, but for most species it has never actually been
quantified. Witness to their dispersal capacity, however, can be seen in for example the coloni-
zation of remote volcanic islands like Galapagos [86], Hawaii [87], Tristan da Cunha and Rob-
inson Crusoe Island, Juan Fernández [88]. The distance between the African mainland and
Madagascar, across the Mozambique Channel, is 430 km and has remained fairly constant dur-
ing the Cenozoic. Jackson [35] discussed the hypothesis that water beetles may possibly be car-
ried by air currents (e.g. storms), which would allow them to be transported long distances.

Ali and Huber [27] suggested that during the Paleogene period strong sporadic surface cur-
rents occurred, e.g. due to storms, from northeast Mozambique and Tanzania eastward to-
wards Madagascar. Moreover, the authors indicated that by early Miocene the currents were
perennially directed towards Africa, making dispersal from Africa much more difficult. This is
in agreement with our findings that the colonization fromMadagascar to Africa occurred in
most Malagasy lineages, sometime around Miocene. As diving beetles pupate in the soil next to
waterbodies the scenario of rafting on mats of vegetation broken off and washed out to the sea
by rivers is also a plausible means of transportation. Although these beetles are aquatic, and
some species even adapted to salinity levels equal to or greater than seawater [89], no diving
beetles can persist in open ocean or even in truly marine conditions. Salinity might not be the
greatest obstacle for an open ocean journey and we find flying or rafting more likely than
swimming when it comes to Cenozoic colonizations of Madagascar.

However, phylogenetic dating analyses inevitably come with a large degree of uncertainty
[90]. Clock model choices aside, the treatment of external calibration data in the analyses is
probably the most critical step in the treatment of uncertainty. Treating a known fossil as a
point age of a node will bias the result, but this was mostly a shortcoming of older methods not
being able to handle prior distributions or minimum age constraints [91]. Incorrectly placed
external information, e.g. a fossil record, within the tree may also bias the results, and severely
so. The recent study by Bukontaite et al. [42] showed this uncertainty. Whether a fossil was
used as a stem- or crowngroup constraint of a genus resulted in significantly different age esti-
mates in the tribe Aciliini, with one being in accordance with a Gondwana break-up origin and
the other not. Moreover, use of a single fossil calibration point might generate unpredictable
and variable divergence dates and, if available, multiple fossil calibrations points are always
preferable [92]. However, the reality is far from ideal and for many groups of organisms the
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fossil record is exceedingly sparse, and in order to do any kind of calibration, one will have to
do with a single suboptimal calibration point [91]. Alternatively, geological events can be used
to date trees if fossils are unreliable, or unknown, as we did here for Cybistrini. Also bio-
geographical based calibrations might over- or underestimate the divergence times if a lineage
split have appeared long before or after the geological event [93, 94]. There are also consider-
able error margins around the geologically estimated dates of separation between continental
areas or volcanic islands. For example, the estimated timing of the India and Madagascar sepa-
ration vary between 160 to 80 Mya [5 and reference therein, 60]. The latter estimate, or close to
it, is preferred by most but it is often unknown how long the final separation of continents took
[93]. For Cybistrini we used the geological age estimate of the volcanic island Mauritius but
very different geological age estimates exist depending on what strata of the island is dated [73,
95, 96]. More generally using ages of islands as maximum age constraints of island endemics is
potentially problematic [96]. Most island systems of volcanic origin represent but the tip of the
iceberg of much larger seamount provinces [97, 98]. Seamounts which are eroded down below
the surface today may at various times in the past have been above surface providing habitat
for terrestrial lineages [99]. Consequently, endemic island taxa may have evolved on neighbor-
ing older islands which are today submerged seamounts and using an age constraint based on
present islands may be too conservative [96]. Mauritius is situated at the southern end of the
Mascarene plateau which extends north to the Seychelles Plateau of continental Gondwanan
origin. Age estimates at drilling sites along the Mascarene plateau support a hotspot volcanic
origin with younger sites in the south and older towards the north [100]. The mean age esti-
mates of nodes in our analyses should therefore be taken with caution, but the general pattern
of multiple Cenozoic transoceanic dispersals, whether by flight, rafting or drifting, should be a
stable conclusion nevertheless. Also the Mauritius taxa used, Cybister desjardinsii, is very simi-
lar both genetically and morphologically to the widespread species C. vulneratus and the as-
sumption used does at least not seem way off. If we use the higher level dating analysis on
Coleoptera [101] based on multiple fossils to calibrate the utrametric family tree of Dytiscidae
by Ribera et al [102], we receive an approximate date on stem/crown group Cybistrini at 140/
85 Ma and Hydaticini at 95/55 Ma. This is reasonably similar to the present analyses giving
Cybistrini stem/crown at 132/103 Ma and Hydaticini at 79/58 Ma. The larger difference for
Cybistrini could stem from the placement of Cybistrini in Ribera et al's analysis [102] which is
not supported in later analysis [103]. An inappropriate endemic island taxa constraint sensus
Heads [96] would result in over conservative estimates, biased towards younger ages, which
does not seem to be the case. Likewise we can see from the estimated crown age of the genus
Cybister (includingMegadytes) from both our analysis (64Ma) and Ribera et al's [102] as scaled
above (65 Ma) that the known Cybister fossil [33] from the Miocene period ending 5.3 Mya are
too recent fossil to be useful for calibration unless cladistics analysis can place them with higher
precision in the genus.

The methods Bayes-DIVA and alternative Bayes-DIVA, which apply DIVA on a sample of
trees, can give very different results [58]. The method suggested by Nylander et al. [52] weights
all alternative ancestral distribution ranges at a node as equal fractions. Alternatively Bayes-
DIVA [58] instead uses the real range frequencies from the pool of all equally parsimonious
pathways optimized by DIVA, and this was found by Harris and Xiang to sometimes make a
large difference. However, in both methods, inferred ancestral areas can become spurious if
there have been extinctions, local speciation, or the formation of widespread species within the
group [52, 51]. The maximum likelihood model (DEC) has similar assumptions to those of
DIVA (see Fig. 4 in [104]), except that DEC allows peripatric speciation, which results in one
descendant occupying the area of speciation whereas the other inherits the entire range and,
unlike DIVA, it does not permit vicariance scenario in which each daughter occupies more
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than one area. Also, ancestral areas are reconstructed over a single topology and it does not ac-
count for phylogenetic uncertainty [60, 61]. Despite differences in the underlying biogeograph-
ical model, DEC and S-DIVA often agree on the ancestral distributions (e.g [105, 106]. We
observed similar consistency in all three models of our analyses. Only in a few cases did the
models estimate different ancestral areas for a node. In particular, all three estimated an early
origin for Hydaticus in Madagascar and multiple out-of-Madagascar dispersal events instead of
multiple independent colonization events. This was due to the endemic Madagascar species
being widely spread throughout the phylogeny and having well-supported basal placements in
several species groups. Hence, the unusually bold hypothesis of a Madagascar origin for this
group, which is most diverse in Africa and the Orient, cannot be discarded as an artefact from
the assumptions of a single method. Nevertheless, a challenger to this hypothesis could be
sought in another sort of methodological artefact. The inclusion of the near complete known
fauna for Madagascar of this group was achieved after intense sampling across all of Madagas-
car over the last eight years. Several of the endemic lineages occupying basal positions in spe-
cies groups were very rare and found once or twice and always in natural, unspoiled habitats.
The mainland African continent has simply not been sampled as intensely and the majority of
the included African species perhaps being the more widespread fauna. We suspect that a simi-
larly intense sampling on mainland Africa, in particular in unspoiled natural habitats, will re-
veal new species challenging the Madagascan dominance at basal positions across species
groups, which may turn the pendulum in the biogeographic analysis.

Finally, the third potential explanation, as mentioned above, relates to past and present ex-
tinctions, which may affect inferred patterns. Endemic freshwater organisms on Madagascar
are severely threatened by human activities in Madagascar [32]. Slash and burn agriculture, in
Madagascar known as 'tavy', eutrophication by zebu cattle and introduction of commensal fish,
are all imminent threats to the few remaining natural environments and the endemic freshwa-
ter fauna. However, conservation efforts are entirely dependent on improved political and eco-
nomic situations in the country. We were not able to find two of the described endemic species
of Cybistrini and Hydaticini despite extensive field work, suggesting these species might al-
ready be extinct. Several other species are exceedingly rare and threatened, like the lowlandH.
madagascariensis, and the western deciduous forest inhabiting C. tibialis. Each loss of an en-
demic species in this group represent the irreversible loss of a 10–40 Ma evolutionary lineage
trajectory that started with a strenuous transoceanic dispersal event, the nature of which we are
only starting to understand.

Conclusions
In this study we tested the evolutionary origin of the Malagasy representatives of the tribes
Hydaticini and Cybistrini. There was a conspicuous lack of endemic species forming sister-
group relationships or monophyletic groups in both tribes. We speculate that the lack of spe-
cies radiations for this group in Madagascar, is due to their dispersal ability where neither the
size of the island, larger rivers, nor climatic gradients represent significant barriers to gene
flow. All interactions with surrounding continents were dated to be of Cenozoic origin, be-
tween 40 Ma and the present, and therefore must represent transoceanic dispersals since Mad-
agascar has been an isolated island for about 90 Ma. The biogeographic analyses, independent
of model, inferred for Hydaticini an early Madagascan colonization followed by multiple out-
of-Madagascar dispersals, but the robustness to this hypothesis remain to be tested with an
equally intense sampling in natural habitats on the African mainland as on Madagascar.

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 16 / 22



Supporting Information
S1 Fig. COI gene tree with Cybister dytiscoides included based on a short fragment.
(PDF)

S2 Fig. Phylogenetic tree of Hydaticini based on ML analysis with bootstrapping.
(PDF)

S3 Fig. Phylogenetic tree of Cybistrini based on ML analysis with bootstrapping.
(PDF)

S4 Fig. Ancestral distribution reconstruction of Hydaticini using Bayes-DIVA by Nylander
et al., (2008).
(PDF)

S5 Fig. Ancestral distribution reconstruction of Hydaticini using Bayes-DIVA by Harris
and Xiang (2009).
(PDF)

S6 Fig. Ancestral distribution reconstruction of Hydaticini using the DEC approach.
(PDF)

S7 Fig. Ancestral distribution reconstruction of Cybistrini using Bayes-DIVA by Nylander
et al., (2008).
(PDF)

S8 Fig. Ancestral distribution reconstruction of Cybistrini using Bayes-DIVA by Harris
and Xiang (2009).
(PDF)

S9 Fig. Ancestral distribution reconstruction of Cybistrini using the DEC approach.
(PDF)

S1 Table. Specimen data and genbank accession numbers.
(PDF)

Acknowledgments
We thank J. Nylander and N. Wikström for comments on biogeographical methods. We are es-
pecially indebted to T. Malm, who greatly helped with scripts and improvements on the manu-
script and also to A.J. Harris for his help with S-DIVA software and for his comments on the
manuscript. We are grateful to G. Gustafson for checking the language in the manuscript and
H. Taylor for photos. We also would like to thank the Entomology Department at Antanana-
rivo University and Ministère de l’Environment et des Forets for their help with
collecting permits.

Author Contributions
Conceived and designed the experiments: RB JB. Performed the experiments: RB JB TR JHR.
Analyzed the data: RB JB. Wrote the paper: RB JB.

References
1. Yoder AD, Nowak MD. Has Vicariance or Dispersal Been the Predominant Biogeographic Force in

Madagascar? Only TimeWill Tell. Annual Review of Ecology, Evolution, and Systematics 2006,
37:405–431.

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 17 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120777.s010


2. Wells NA. Some hypotheses on the Mesozoic and Cenozoic paleoenvironmental history of Madagas-
car. The natural history of Madagascar, Univ Chicago Press Chicago 2003.

3. Vences M, Wollenberg KC, Vieites DR, Lees DC. Madagascar as a model region of species diversifi-
cation. Trends in Ecology & Evolution 2009, 24:456–65.

4. Goodman SM, Benstead JP. Updated estimates of biotic diversity and endemism for Madagascar.
Oryx 2005, 39.

5. Losos JB, Ricklefs RE. Adaptation and diversification on islands. Nature 2009, 457:830–6. doi: 10.
1038/nature07893 PMID: 19212401

6. Agnarsson I, Kuntner M. The Generation of a Biodiversity Hotspots: Biogeography and Phylogeogra-
phy of theWestern Indian Ocean Islands. In Current topics in phylogenetics and phylogeography of
terrestrial and aquatic systems. Edited by Anamthawat-Jónsson K. Croatia: InTech; 2012.

7. Buerki S, Devey DS, Callmander MW, Phillipson PB, Forest F. Spatio-temporal history of the endemic
genera of Madagascar. Botanical Journal of the Linnean Society 2013, 171:304–329.

8. Toon A, Pérez-LosadaM, Schweitzer CE, Feldmann RM, Carlson M, Crandall KA. Gondwanan radia-
tion of the Southern Hemisphere crayfishes (Decapoda: Parastacidae): evidence from fossils and
molecules. Journal of Biogeography 2010, 37:2275–2290.

9. Crandall KA, Buhay JE. Global diversity of crayfish (Astacidae, Cambaridae, and Parastacidae––Dec-
apoda) in freshwater. Hydrobiologia 2007, 595:295–301.

10. Crottini A, Madsen O, Poux C, Strauss A, Vieites DR, Vences M. Vertebrate time-tree elucidates the
biogeographic pattern of a major biotic change around the K-T boundary in Madagascar. Proceedings
of the National Academy of Sciences of the United States of America 2012, 109:5358–63. doi: 10.
1073/pnas.1112487109 PMID: 22431616

11. Daniels SR, Cumberlidge N, Pérez-Losada M, Marijnissen SAE, Crandall KA. Evolution of Afrotropical
freshwater crab lineages obscured by morphological convergence. Molecular Phylogenetics and Evo-
lution 2006, 40:227–35. PMID: 16621611

12. Poux C, Madsen O, Marquard E, Vieites DR, De JongWW, Vences M. Asynchronous colonization of
Madagascar by the four endemic clades of primates, tenrecs, carnivores, and rodents as inferred from
nuclear genes. Systematic Biology 2005, 54:719–30. PMID: 16243759

13. Yoder AD, Burns MM, Zehr S, Delefosse T, Veron G, Goodman SM, et al. Single origin of Malagasy
Carnivora from an African ancestor. Nature 2003, 421:734–7. PMID: 12610623

14. Douady CJ, Catzeflis F, Kao DJ, Springer MS, Stanhope MJ. Molecular evidence for the monophyly
of tenrecidae (mammalia) and the timing of the colonization of Madagascar by Malagasy Tenrecs. Mo-
lecular Phylogenetics and Evolution 2002, 22:357–63. PMID: 11884160

15. Miraldo A, Wirta H, Hanski I. Origin and Diversification of Dung Beetles in Madagascar. Insects 2011,
2:112–127.

16. Orsini L, Koivulehto H, Hanski I. Molecular evolution and radiation of dung beetles in Madagascar.
Cladistics 2007, 23:145–168.

17. Wirta H, Scholtz C, Sole C, Forgie S. Origin of Madagascan Scarabaeini dung beetles (Coleoptera:
Scarabaeidae): dispersal from Africa. Insect Systematics & Evolution 2011, 42:29–40.

18. Wirta H, Viljanen H, Orsini L, Montreuil O, Hanski I. Three parallel radiations of Canthonini dung bee-
tles in Madagascar. Molecular Phylogenetics and Evolution 2010, 57:710–27. doi: 10.1016/j.ympev.
2010.08.013 PMID: 20732432

19. Rehan SM, Chapman TW, Craigie AI, Richards MH, Cooper SJB, Schwarz MP. Molecular phylogeny
of the small carpenter bees (Hymenoptera: Apidae: Ceratinini) indicates early and rapid global dis-
persal. Molecular Phylogenetics and Evolution 2010, 55:1042–54. doi: 10.1016/j.ympev.2010.01.011
PMID: 20079861

20. Schwarz MP, Fuller S, Tierney SM, Cooper SJB. Molecular phylogenetics of the exoneurine alloda-
pine bees reveal an ancient and puzzling dispersal from Africa to Australia. Systematic Biology 2006,
55:31–45. PMID: 16507522

21. Chenoweth LB, Schwarz MP. Biogeographical origins and diversification of the exoneurine allodapine
bees of Australia (Hymenoptera, Apidae). Journal of Biogeography 2011, 38:1471–1483.

22. Nazari V, Larsen TB, Lees DC, Brattström O, Bouyer T, Van de Poel G, et al. Phylogenetic systemat-
ics of Colotis and associated genera (Lepidoptera: Pieridae): evolutionary and taxonomic implica-
tions. Journal of Zoological Systematics and Evolutionary Research 2011, 49:204–215.

23. Monaghan MT, Gattolliat J-L, Sartori M, Elouard J-M, James H, Derleth P, et al. Trans-oceanic and
endemic origins of the small minnowmayflies (Ephemeroptera, Baetidae) of Madagascar. Proceed-
ings Biological Sciences / The Royal Society 2005, 272:1829–36. PMID: 16096096

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 18 / 22

http://dx.doi.org/10.1038/nature07893
http://dx.doi.org/10.1038/nature07893
http://www.ncbi.nlm.nih.gov/pubmed/19212401
http://dx.doi.org/10.1073/pnas.1112487109
http://dx.doi.org/10.1073/pnas.1112487109
http://www.ncbi.nlm.nih.gov/pubmed/22431616
http://www.ncbi.nlm.nih.gov/pubmed/16621611
http://www.ncbi.nlm.nih.gov/pubmed/16243759
http://www.ncbi.nlm.nih.gov/pubmed/12610623
http://www.ncbi.nlm.nih.gov/pubmed/11884160
http://dx.doi.org/10.1016/j.ympev.2010.08.013
http://dx.doi.org/10.1016/j.ympev.2010.08.013
http://www.ncbi.nlm.nih.gov/pubmed/20732432
http://dx.doi.org/10.1016/j.ympev.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20079861
http://www.ncbi.nlm.nih.gov/pubmed/16507522
http://www.ncbi.nlm.nih.gov/pubmed/16096096


24. Nobre T, Eggleton P, Aanen DK. Vertical transmission as the key to the colonization of Madagascar
by fungus-growing termites? Proceedings Biological Sciences / The Royal Society 2010, 277:359–
65. doi: 10.1098/rspb.2009.1373 PMID: 19828546

25. Chapman JW, Nesbit RL, Burgin LE, Reynolds DR, Smith AD, Middleton DR, et al. Flight orientation
behaviors promote optimal migration trajectories in high-flying insects. Science (New York, NY) 2010,
327:682–5. doi: 10.1126/science.1182990 PMID: 20133570

26. Griffith M, Barrows E, Perry S. Lateral Dispersal of Adult Aquatic Insects (Plecoptera, Trichoptera) Fol-
lowing Emergence from Headwater Streams in Forested Appalachian Catchments. Entomological
Society of America 1998, 91:195–201.

27. Ali JR, Huber M. Mammalian biodiversity on Madagascar controlled by ocean currents. Nature 2010,
463:653–6. doi: 10.1038/nature08706 PMID: 20090678

28. Wilmé L, Goodman SM, Ganzhorn JU. Biogeographic evolution of Madagascar’s microendemic biota.
Science (New York, NY) 2006, 312:1063–5. PMID: 16709785

29. Dijkstra K-DB, Monaghan MT, Pauls SU. Freshwater biodiversity and aquatic insect diversification.
Annual Review of Entomology 2014, 59:143–63. doi: 10.1146/annurev-ento-011613-161958 PMID:
24160433

30. Isambert B, Bergsten J, MonaghanMT, Andriamizehy H, Ranarilalatiana T, Ratsimbazafy M, et al. En-
demism and evolutionary history in conflict over Madagascar’s freshwater conservation priorities. Bio-
logical Conservation 2011, 144:1902–1909.

31. Hjalmarsson A, Bukontaite R, Ranarilalatiana T, Randriamihaja J, Bergsten J. Taxonomic revision of
Madagascan Rhantus (Coleoptera, Dytiscidae, Colymbetinae) with an emphasis on Manjakatompo
as a conservation priority. ZooKeys 2013, 350:21–45. doi: 10.3897/zookeys.350.6127 PMID:
24294082

32. Benstead JP, De Rham PH, Gattolliat J-L, Gibon F-M, Loiselle PV, Sartori M, et al. Conserving Mada-
gascar’s Freshwater Biodiversity. BioScience 2003, 53:1101.

33. Nilsson AN. Dytiscidae—In: World Catalogue of Insects: 1–395. 2001.

34. Miller KB, Bergsten J, Whiting MF. Phylogeny and classification of the tribe Hydaticini (Coleoptera:
Dytiscidae): partition choice for Bayesian analysis with multiple nuclear and mitochondrial protein-
coding genes. Zoologica Scripta 2009, 38:591–615.

35. Jackson DJ. Observations on flying and flightless water beetles. Journal of the Linnean Society of
London, Zoology 1956, 43:18–42.

36. Miller KB, Bergsten J, Whiting MF. Phylogeny and classification of diving beetles in the tribe Cybistrini
(Coleoptera, Dytiscidae, Dytiscinae). Zoologica Scripta 2007, 36:41–59.

37. Rocchi S. Contributo alla conoscenza degli Haliplidae e dei Dytiscidae del Madagascar con descri-
zione di due nuove specie (Coleoptera). Frustula Entomologica (NS) 1991, 14:71–89.

38. Hanski I, Koivulehto H, Cameron A, Rahagalala P. Deforestation and apparent extinctions of endemic
forest beetles in Madagascar. Biology Letters 2007, 3:344–7.

39. Hjalmarsson AE, Bergsten J, MonaghanMT. Dispersal is linked to habitat use in 59 species of water
beetles (Coleoptera: Adephaga) on Madagascar. Ecography 2014:001–008.

40. Miller KB. The phylogeny of diving beetles (Coleoptera: Dytiscidae) and the evolution of sexual con-
flict. Biological Journal of the Linnean Society 2003, 79:359–388.

41. Lewis PO. A Likelihood Approach to Estimating Phylogeny from Discrete. Systematic Biology 2001,
50:913–925. PMID: 12116640

42. Bukontaite R, Miller KB, Bergsten J. The utility of CAD in recovering Gondwanan vicariance events
and the evolutionary history of Aciliini (Coleoptera: Dytiscidae). BMC Evolutionary Biology 2014, 14:5.

43. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Research 2004, 32:1792–7. PMID: 15034147

44. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular evolutionary ge-
netics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Molecular Bology and Evolution 2011, 28:2731–9. doi: 10.1093/molbev/msr121 PMID: 21546353

45. Peña C, Malm T. VoSeq: a voucher and DNA sequence web application. PloS one 2012, 7:e39071.
doi: 10.1371/journal.pone.0039071 PMID: 22720030

46. Stamatakis A, Hoover P, Rougemont J. A rapid bootstrap algorithm for the RAxMLWeb servers. Sys-
tematic Biology 2008, 57:758–71. doi: 10.1080/10635150802429642 PMID: 18853362

47. Ronquist F, Teslenko M, Van der Mark P, Ayres DL, Darling A, Höhna S, et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. Systematic Biology
2012, 61:539–42. doi: 10.1093/sysbio/sys029 PMID: 22357727

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 19 / 22

http://dx.doi.org/10.1098/rspb.2009.1373
http://www.ncbi.nlm.nih.gov/pubmed/19828546
http://dx.doi.org/10.1126/science.1182990
http://www.ncbi.nlm.nih.gov/pubmed/20133570
http://dx.doi.org/10.1038/nature08706
http://www.ncbi.nlm.nih.gov/pubmed/20090678
http://www.ncbi.nlm.nih.gov/pubmed/16709785
http://dx.doi.org/10.1146/annurev-ento-011613-161958
http://www.ncbi.nlm.nih.gov/pubmed/24160433
http://dx.doi.org/10.3897/zookeys.350.6127
http://www.ncbi.nlm.nih.gov/pubmed/24294082
http://www.ncbi.nlm.nih.gov/pubmed/12116640
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1371/journal.pone.0039071
http://www.ncbi.nlm.nih.gov/pubmed/22720030
http://dx.doi.org/10.1080/10635150802429642
http://www.ncbi.nlm.nih.gov/pubmed/18853362
http://dx.doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727


48. Nylander J. MrModeltest v.2. Program distributed by the author Evolutionary Biology Centre, Uppsala
University 2004.

49. Brown JM, Hedtke SM, Lemmon AR, Lemmon EM. When trees grow too long: investigating the
causes of highly inaccurate bayesian branch-length estimates. Systematic Biology 2010, 59:145–61.
doi: 10.1093/sysbio/syp081 PMID: 20525627

50. Marshall DC. Cryptic failure of partitioned Bayesian phylogenetic analyses: lost in the land of long
trees. Systematic Biology 2010, 59:108–17. doi: 10.1093/sysbio/syp080 PMID: 20525623

51. Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evolu-
tionary Biology 2007, 7:214. PMID: 17996036

52. Nylander JAA, Olsson U, Alström P, Sanmartín I. Accounting for phylogenetic uncertainty in biogeog-
raphy: a Bayesian approach to dispersal-vicariance analysis of the thrushes (Aves: Turdus). System-
atic Biology 2008, 57:257–68. doi: 10.1080/10635150802044003 PMID: 18425716

53. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phyloge-
nies. Bioinformatics (Oxford, England) 2014, 30:1312–3. doi: 10.1093/bioinformatics/btu033 PMID:
24451623

54. Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phylogenetics and dating with confidence.
PLoS Biology 2006, 4:e88. PMID: 16683862

55. Warren BH, Bermingham E, Bowie RC, Prys-Jones RP, Thébaud C. Molecular phylogeography re-
veals island colonization history and diversification of western Indian Ocean sunbirds (Nectarinia:
Nectariniidae). Molecular Phylogenetics and Evolution 2003, 29:67–85. PMID: 12967608

56. Goswami A, Upchurch P. The dating game: a reply to Heads (2010). Zoologica Scripta 2010,
39:406–409.

57. Löbl I, Smetana A. Catalogue of Palaeaerctic Coleoptera: Archostemata—Myxophaga—Adephaga.
Apollo Books, Stenstrup, Denmark; 2003:Volume 1.

58. Harris AJ, Xiang Q-Y (Jenny). Estimating ancestral distributions of lineages with uncertain sister
groups: a statistical approach to Dispersal-Vicariance Analysis and a case using Aesculus L. (Sapin-
daceae) including fossils. Journal of Systematics and Evolution 2009, 47:349–368.

59. Yu Y, Harris AJ, He X. S-DIVA (Statistical Dispersal-Vicariance Analysis): A tool for inferring biogeo-
graphic histories. Molecular Phylogenetics and Evolution 2010, 56:848–50. doi: 10.1016/j.ympev.
2010.04.011 PMID: 20399277

60. Ree RH, Smith SA. Maximum likelihood inference of geographic range evolution by dispersal, local
extinction, and cladogenesis. Systematic Biology 2008, 57:4–14.

61. Ree HR, Moore RB, Webb OC, Donoghue JM. A likelihood framework for inferring the evolution of
geographic range on phylogenetic trees. Evolution 2005, 11:2299–2311. PMID: 16396171

62. Ronquist F. Dispersal-Vicariance Analysis: A New Approach to the Quantification of Historical Bioge-
ography. Systematic Biology 1997, 46:195–203.

63. Kodandaramaiah U. Use of dispersal-vicariance analysis in biogeography—a critique. Journal of Bio-
geography 2009, 37:3–11.

64. Matzke N. probabilistic Historical Biogeography:NewModels for Founder-Event Speciation, Imperfect
Detection, and Fossils Allow Improved Accuracy and Model- Testing. University of California;
2013:1–240.

65. Vuataz L, Sartori M, Gattolliat J-L, Monaghan MT. Endemism and diversification in freshwater insects
of Madagascar revealed by coalescent and phylogenetic analysis of museum and field collections.
Molecular Phylogenetics and Evolution 2013, 66:979–91. doi: 10.1016/j.ympev.2012.12.003 PMID:
23261711

66. Kuntner M, Agnarsson I. Biogeography and diversification of hermit spiders on Indian Ocean islands
(Nephilidae: Nephilengys). Molecular Phylogenetics and Evolution 2011, 59:477–88. doi: 10.1016/j.
ympev.2011.02.002 PMID: 21316478

67. Raxworthy CJ, Pearson RG, Zimkus BM, Reddy S, Deo AJ, Nussbaum RA, et al. Continental specia-
tion in the tropics: contrasting biogeographic patterns of divergence in the Uroplatus leaf-tailed gecko
radiation of Madagascar. Journal of Zoology 2008, 275:423–440.

68. Pearson RG, Raxworthy CJ. The evolution of local endemism in madagascar: watershed versus cli-
matic gradient hypotheses evaluated by null biogeographic models. Evolution; international journal of
organic evolution 2009, 63:959–67. doi: 10.1111/j.1558-5646.2008.00596.x PMID: 19210532

69. Harmon LJ, Melville J, Larson A, Losos JB. The role of geography and ecological opportunity in the di-
versification of day geckos (Phelsuma). Systematic Biology 2008, 57:562–73. doi: 10.1080/
10635150802304779 PMID: 18686194

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 20 / 22

http://dx.doi.org/10.1093/sysbio/syp081
http://www.ncbi.nlm.nih.gov/pubmed/20525627
http://dx.doi.org/10.1093/sysbio/syp080
http://www.ncbi.nlm.nih.gov/pubmed/20525623
http://www.ncbi.nlm.nih.gov/pubmed/17996036
http://dx.doi.org/10.1080/10635150802044003
http://www.ncbi.nlm.nih.gov/pubmed/18425716
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://www.ncbi.nlm.nih.gov/pubmed/16683862
http://www.ncbi.nlm.nih.gov/pubmed/12967608
http://dx.doi.org/10.1016/j.ympev.2010.04.011
http://dx.doi.org/10.1016/j.ympev.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20399277
http://www.ncbi.nlm.nih.gov/pubmed/16396171
http://dx.doi.org/10.1016/j.ympev.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23261711
http://dx.doi.org/10.1016/j.ympev.2011.02.002
http://dx.doi.org/10.1016/j.ympev.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21316478
http://dx.doi.org/10.1111/j.1558-5646.2008.00596.x
http://www.ncbi.nlm.nih.gov/pubmed/19210532
http://dx.doi.org/10.1080/10635150802304779
http://dx.doi.org/10.1080/10635150802304779
http://www.ncbi.nlm.nih.gov/pubmed/18686194


70. Vences M, Vieites DR, Glaw F, Brinkmann H, Kosuch J, Veith M, et al. Multiple overseas dispersal in
amphibians. Proceedings Biological Sciences / The Royal Society 2003, 270:2435–42. PMID:
14667332

71. Krüger Å, Razafimandimbison SG, Bremer B. Molecular phylogeny of the tribe Danaideae (Rubia-
ceae: Rubioideae): Another example of out-of-Madagascar dispersal. Taxon 2012, 61(June):629–
636.

72. Raxworthy CJ, Forstner MRJ, Nussbaum RA. Chameleon radiation by oceanic dispersal. Nature
2002, 415:784–7. PMID: 11845207

73. Rocha S, Posada D, Carretero MA, Harris DJ. Phylogenetic aYnities of Comoroan and East African
day geckos (genus Phelsuma): Multiple natural colonisations, introductions and island radiations. Mo-
lecular Phylogenetics and Evolution 2007, 43:685–692. PMID: 17113791

74. Wikström N, Avino M, Razafimandimbison SG, Bremer B. Historical biogeography of the coffee family
(Rubiaceae, Gentianales) in Madagascar: case studies from the tribes Knoxieae, Naucleeae, Paeder-
ieae and Vanguerieae. Journal of Biogeography 2010, 37:1094–1113.

75. Jansa SA, Goodman SM, Tucker PK. Molecular Phylogeny and Biogeography of the Native Rodents
of Madagascar (Muridae: Nesomyinae): A Test of the Single-Origin Hypothesis. Cladistics 1999,
270:253–270.

76. Zakharov E, Smith C, Lees D, Alison C, Vane-Wright R, Sperling F. Independent Gene Phylogenies
and Morphology Demonstrate a Malagasy Origin for a Wide-Ranging Group of Swallowtail Butterflies.
Evolution 2004, 58:2763–2782. PMID: 15696754

77. Balke M, Ribera I, Hendrich L, Miller MA, Sagata K, Posman A, et al. New Guinea highland origin of a
widespread arthropod supertramp. Proceedings Biological Sciences / The Royal Society 2009,
276:2359–67. doi: 10.1098/rspb.2009.0015 PMID: 19364747

78. Balke M, Wewalka G, Alarie Y, Ribera I. Molecular phylogeny of Pacific Island Colymbetinae: radiation
of New Caledonian and Fijian species (Coleoptera, Dytiscidae). Zoologica Scripta 2007, 36:173–200.

79. Balke M, Wewalka G, Alarie Y, Ribera I. Dytiscidae: The genus Rhantus dejean (Coleoptera). 2010
(May):129–147.

80. Filardi CE, Moyle RG. Single origin of a pan-Pacific bird group and upstream colonization of Austral-
asia. Nature 2005, 438:216–9. PMID: 16281034

81. O’Grady P, Desalle R. Out of Hawaii: the origin and biogeography of the genus Scaptomyza (Diptera:
Drosophilidae). Biology Letters 2008, 4:195–9.

82. Sanmartín I, Ronquist F. Southern hemisphere biogeography inferred by event-based models: plant
versus animal patterns. Systematic Biology 2004, 53:216–43. PMID: 15205050

83. McPeek MA, Brown JM. Clade age and not diversification rate explains species richness among ani-
mal taxa. The American Naturalist 2007, 169:E97–106. PMID: 17427118

84. Rabosky DL, Slater GJ, Alfaro ME. Clade age and species richness are decoupled across the eukary-
otic tree of life. PLoS biology 2012, 10:e1001381. doi: 10.1371/journal.pbio.1001381 PMID:
22969411

85. Samonds KE, Godfrey LR, Ali JR, Goodman SM, Vences M, Sutherland MR,et al. Spatial and tempo-
ral arrival patterns of Madagascar’s vertebrate fauna explained by distance, ocean currents, and an-
cestor type. Proceedings of the National Academy of Sciences of the United States of America 2012,
109:5352–7. doi: 10.1073/pnas.1113993109 PMID: 22431643

86. Peck SB, Balke M. A Synopsis of the Dytiscidae of the Galapagos Islands, Eucuador, With Descrip-
tion of Rhantus galapagoensis sp.nov. (Coleoptera: Dytiscidae). The Canadian Entomologist 1993,
125:259–266.

87. Balke M. Taxonomische Revision der pazifischen, australischen und indonesischen Arten der Gat-
tung Rhantus Dejean, 1833 (Coleoptera: Dytiscidae). Koleopterologische Rundschau 1993:39–84.

88. Morinière J, Michat MC, Jäch MA, Bergsten J, Hendrich L, Balke M. Anisomeriini diving beetles-an At-
lantic-Pacific Island disjunction on Tristan da Cunha and Robinson Crusoe Island, Juan Fernández?
Cladistics 2014:1–11.

89. Giora M. Habitats. In Ecology, Systematics and the Natural History of Predaceous Diving Beetles (Co-
leoptera: Dytiscidae). Edited by Yee AD. Springer Netherlands; 2014:307–362.

90. Welch JJ, Bromham L. Molecular dating when rates vary. Trends in Ecology & Evolution 2005,
20:320–7.

91. Sauquet H, Ho SYW, Gandolfo MA, Jordan GJ, Wilf P, Cantrill DJ, et al. Testing the impact of calibra-
tion on molecular divergence times using a fossil-rich group: the case of Nothofagus (Fagales). Sys-
tematic Biology 2012, 61:289–313. doi: 10.1093/sysbio/syr116 PMID: 22201158

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/14667332
http://www.ncbi.nlm.nih.gov/pubmed/11845207
http://www.ncbi.nlm.nih.gov/pubmed/17113791
http://www.ncbi.nlm.nih.gov/pubmed/15696754
http://dx.doi.org/10.1098/rspb.2009.0015
http://www.ncbi.nlm.nih.gov/pubmed/19364747
http://www.ncbi.nlm.nih.gov/pubmed/16281034
http://www.ncbi.nlm.nih.gov/pubmed/15205050
http://www.ncbi.nlm.nih.gov/pubmed/17427118
http://dx.doi.org/10.1371/journal.pbio.1001381
http://www.ncbi.nlm.nih.gov/pubmed/22969411
http://dx.doi.org/10.1073/pnas.1113993109
http://www.ncbi.nlm.nih.gov/pubmed/22431643
http://dx.doi.org/10.1093/sysbio/syr116
http://www.ncbi.nlm.nih.gov/pubmed/22201158


92. Hug LA, Roger AJ. The impact of fossils and taxon sampling on ancient molecular dating analyses.
Molecular Bology and Evolution 2007, 24:1889–97. PMID: 17556757

93. Upchurch P. Gondwanan break-up: legacies of a lost world? Trends in Ecology & Evolution 2008,
23:229–36.

94. Weir JT, Schluter D. Calibrating the avian molecular clock. Molecular Ecology 2008, 17:2321–8. doi:
10.1111/j.1365-294X.2008.03742.x PMID: 18422932

95. Heads M. Cladistics Dating nodes on molecular phylogenies: a critique of molecular biogeography.
Cladistics 2005, 21:62–78.

96. Heads M. Old Taxa on Young Islands: A Critique of the Use of Island Age to Date Island-Endemic
Clades and Calibrate Phylogenies. Systematic Biology 2011, 60:204–218. doi: 10.1093/sysbio/
syq075 PMID: 21169241

97. Van den Bogaard P. The origin of the Canary Island Seamount Province—new ages of old sea-
mounts. Scientific Reports 2013, 3:2107. doi: 10.1038/srep02107 PMID: 23838703

98. Sandwell DT, Muller RD, Smith WHF, Garcia E, Francis R. New global marine gravity model from
CryoSat-2 and Jason-1 reveals buried tectonic structure. Science 2014, 346:65–67. doi: 10.1126/
science.1258213 PMID: 25278606

99. Parent CE, Caccone A, Petren K. Colonization and diversification of Galápagos terrestrial fauna: a
phylogenetic and biogeographical synthesis. Philosophical transactions of the Royal Society of Lon-
don Series B, Biological sciences 2008, 363:3347–61. doi: 10.1098/rstb.2008.0118 PMID: 18782729

100. Duncan RA, Hargraves RB. 40Ar/39Ar Geochronology of Basement Rocks From The Mascarene Pla-
teau, The Chagos Bank, And The Maldives Ridge. Proceedings of the Ocean Drilling Program, Scien-
tific Result 1990, 115:43–51.

101. Hunt T, Bergsten J, Levkanicova Z, Papadopoulou A, John OS, Wild R,et al. A comprehensive phy-
logeny of beetles reveals the evolutionary origins of a superradiation. Science 2007, 318:1913–6.

102. Ribera I, Vogler AP, Balke M. Phylogeny and diversification of diving beetles (Coleoptera: Dytiscidae).
Cladistics 2008, 24:563–590.

103. Miller KB, Bergsten J. The Phylogeny and Classification of Diving Beetles (Coleoptera: Dytiscidae). In
Yee DA(ed) Ecology, Systematics, and the Natural History of Predaceous Diving Beetles (Coleoptera:
Dytiscidae). Springer, The Netherlands;: Submitted.

104. Ronquist F, Sanmartín I. Phylogenetic Methods in Biogeography. Annual Review of Ecology, Evolu-
tion, and Systematics 2011, 42:441–464.

105. Buerki S, Forest F, Alvarez N, Nylander JAA, Arrigo N, Sanmartín I. An evaluation of new parsimony-
based versus parametric inference methods in biogeography: a case study using the globally distrib-
uted plant family Sapindaceae. Journal of Biogeography 2011, 38:531–550.

106. Almeida EAB, Pie MR, Brady SG, Danforth BN. Biogeography and diversification of colletid bees (Hy-
menoptera: Colletidae): emerging patterns from the southern end of the world. Journal of Biogeogra-
phy 2012, 39:526–544.

Colonization Patterns for Large-Bodied Diving Beetles on Madagascar

PLOS ONE | DOI:10.1371/journal.pone.0120777 March 20, 2015 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17556757
http://dx.doi.org/10.1111/j.1365-294X.2008.03742.x
http://www.ncbi.nlm.nih.gov/pubmed/18422932
http://dx.doi.org/10.1093/sysbio/syq075
http://dx.doi.org/10.1093/sysbio/syq075
http://www.ncbi.nlm.nih.gov/pubmed/21169241
http://dx.doi.org/10.1038/srep02107
http://www.ncbi.nlm.nih.gov/pubmed/23838703
http://dx.doi.org/10.1126/science.1258213
http://dx.doi.org/10.1126/science.1258213
http://www.ncbi.nlm.nih.gov/pubmed/25278606
http://dx.doi.org/10.1098/rstb.2008.0118
http://www.ncbi.nlm.nih.gov/pubmed/18782729


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


