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A B S T R A C T

Beetles have colonized freshwater habitats multiple times throughout their evolutionary history. Some of these
aquatic lineages are associated exclusively with waterfall–like habitats, often with modified morphologies to
cope with their unusual way of life. The historical biogeography of such cascade beetle lineages has been shown
to strongly reflect ancient tectonic events. We focus on the pantropical genus Oocyclus of which species dwell in
waterfalls and associated habitats. We infer the first molecular phylogeny of Oocyclus using a dataset of seven
gene fragments. We recover a well resolved phylogenetic hypothesis, with a monophyletic Oocyclus divided in
three genetically well–differentiated subclades which correspond to geography. Comparative dating analyses
across Hydrophilidae based on ten fossil calibrations recover a Cretaceous origin for the genus. Based on a
comprehensive suite of ancestral range analyses, we suggest a unique pattern with an origin in Southeast Asia
followed by the successive colonization of India and the Neotropics via transoceanic stepping–stone dispersal.
Diversification rate analyses support a scenario in which old Oocyclus lineages diversified slowly with a
homogeneous rate regime. Waterfall beetle radiations are ancient and remarkably track Earth’s paleogeological
history, shedding light on intricate patterns of macroevolution.

1. Introduction

Deciphering the origin of biodiversity through geological time is a
prime goal of evolutionary biology (Cox and Moore, 2010; Lomolino
et al., 2010). At large geographic scales, biodiversity patterns between
continents have fascinated biogeographers for centuries (e.g. Buffon,
1769; Von Humboldt, 1805; Darwin, 1859; Wallace, 1876). In the early
stages of biogeography, dispersal was the dominant force proposed to
explain disjunct distributions. Following the discovery of plate tectonics
(Wegener, 1912), vicariance gained more attention, and soon became
the exclusive scenario to explain the biogeographical history of clades
that displayed disjunct geographic ranges. However, the advent of
molecular phylogenies resulted in a further shift in paradigm, because a
substantial fraction of accepted examples of vicariance could not be
reconciled with divergence time estimates (de Queiroz, 2005). Since
then, substantiated empirical examples of Pangean, Laurasian, or
Gondwanan vicariance have become much more infrequent. Pangean
vicariance whereby Laurasian and Gondwanan lineages would have
split in the Jurassic and later diverged through allopatric speciation has
therefore rarely been suggested (e.g. Mao et al., 2012; Murienne et al.,
2014). Later vicariant events invoking the breakup of Gondwana as a

favored scenario are less infrequent but remain uncommon. Examples
of West Gondwanan vicariance invoking the split between Africa and
South America have only been suggested by a few recent empirical
studies using molecular dating (e.g. Gamble et al., 2008; Berger et al.,
2016; Cai et al., 2016; Eberle et al., 2017; Luebert et al., 2017;
Toussaint et al., 2017a). On the other side of the supercontinent, East
Gondwanan vicariance has been suggested in several clades, between
Australia and Madagascar (e.g. Thomas et al., 2014), Australia and
South America (e.g. Kim and Farrell, 2015; Mennes et al., 2015; Milner
et al., 2015; Toussaint et al., 2017b), or India/Seychelles and Mada-
gascar (e.g. Toussaint et al., 2016). Several of these old vicariant sce-
narios have been suggested for water beetles, a non–monophyletic
group which comprises lineages with remarkable disjunct distributions
(e.g. Bilton et al., 2015; Toussaint et al., 2016, 2017a,b; Toussaint &
Short, 2017), and has therefore been an emerging model for biogeo-
graphic studies.

Here we focus on the pantropical genus Oocyclus (Coleoptera,
Hydrophilidae, Laccobiini). This genus is comprised of 66 described
species as well as approximately 20 species awaiting description (Short
et al., in prep.). These beetles are found in habitats associated with
waterfalls and seepages in India/Sri Lanka, the Oriental region and the
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Neotropics. They have never been found in the Afrotropics, Australasia,
Nearctic or Palearctic and other parts of the supercontinent Gondwana
(e.g. New Caledonia; New Zealand). Despite this intricate distribution
pattern, there is no phylogenetic hypothesis for the genus to date. Few
species were included in a large–scale phylogeny for the family
Hydrophilidae where the genus was found paraphyletic (Short and
Fikáček, 2013). Subsequent works based on this latter molecular da-
taset inferred an age for the crown of Oocyclus in the Cretaceous (Bloom
et al., 2014; Toussaint et al., 2016).

We infer the most comprehensive phylogeny of the superfamily
Hydrophiloidea using a new molecular dataset of the tribe Laccobiini,
combined with multiple recently published others (Bernhard et al.,
2006; Short and Fikáček, 2013; Toussaint et al., 2016; 2017a; Short
et al., 2017a,b). Using a set of robust fossil calibrations we infer di-
vergence time estimates for the superfamily and focus on the genus
Oocyclus. We specifically aim to estimate the historical biogeography of
the genus using a comparative framework, while weighing the impact
of divergence time estimate uncertainty, outgroup inclusion, biogeo-
graphic model parameters, and potential diversification rate shifts.

2. Material and methods

2.1. Taxon sampling and molecular biology

We assembled the largest taxon and molecular sampling to date for
the family Hydrophilidae using the datasets of Bernhard et al. (2006),
Short & Fikáček (2013), Toussaint et al. (2016, 2017a), and Short et al.
(2017a,b), along with 58 newly sequenced species from different
genera of the tribe Laccobiini (i.e. Laccobius, Oocyclus and Pelthydrus).
We added 43 species of the genus Oocyclus collected in different bio-
geographic regions (see Table S1). Based on our expertise and current
taxonomy, the genus has an estimated species richness of about 87
species, 66 of which have already been described. There are six de-
scribed species and one known undescribed species of Oocyclus in South
India and Sri Lanka, 16 described in China and Southeast Asia with at
least 4 known undescribed species, and 44 described species in the
Neotropics, with at least 16 undescribed species (Short in prep.). In this
study, we sampled 3 species from South India/Sri Lanka (∼55% of the
species when including Ophthalmocyclus, see Results), 11 from China/
Southeast Asia (∼57% of the species), and 37 from the Neotropics
(∼62% of the species), for a total of 51 Oocyclus species (when in-
cluding Ophthalmocyclus, see Results), representing ∼60% of the spe-
cies richness. We included multiple outgroups from closely related fa-
milies of Hydrophiloidea as well as Spercheus emarginatus (Spercheidae)
to root the topology (Bernhard et al., 2006). A complete list of included
taxa is provided in Table S1.

Total genomic DNA was extracted from whole beetles kept in 96%
ethanol using the DNeasy kit (Qiagen, Hilden, Germany). All vouchers
are deposited at the University of Kansas (Lawrence, USA). We used the
PCR protocols of Short and Fikáček (2013) and Baca et al. (2017) to
amplify and sequence seven gene fragments, the six comprised in Short
and Fikáček (2013); ribosomal 16S (16S, 787 bp), ribosomal 18S (18S,
1852 bp), ribosomal 28S (1125 bp), arginine kinase (ARK, 705 bp),
cytochrome oxidase subunit 1 (CO1, 768 bp), cytochrome oxidase 2
(CO2, 657 bp), and a fragment of histone 3 (H3, 327 bp). The DNA
sequences were assembled and the contigs edited in Geneious R 8.1.9
(Biomatters, http://www.geneious.com/). We produced gene fragment
alignments using MUSCLE (Edgar, 2004) for the protein–coding gene
fragments (PCF), and MAFFT (Katoh & Standley, 2013) for the ribo-
somal gene fragments (RF) with manual adjusting in hypervariable
regions. The reading frames of PCF were then checked in Mesquite 3.10
(build 765) (http://mesquiteproject.org). Details regarding gene frag-
ment alignment compositions are given in Table S2. New sequences
were deposited in GenBank (accession Nos MH317765–MH318010).

2.2. Molecular phylogenetics

Gene fragment topologies were inferred in a maximum likelihood
(ML) framework using W–IQ–TREE 1.5 (Nguyen et al., 2015;
Trifinopoulos et al., 2016). The gene fragment alignments were not
partitioned and optimal models of substitution were selected in Parti-
tionFinder 2 (Lanfear et al., 2017) among all available models using the
greedy algorithm. The Bayesian Information Criterion (BIC) was used to
compare the fit of the different models of substitution. To assess nodal
support, we performed 2000 ultrafast bootstrap replicates (UFBS, Minh
et al., 2013). Since the gene fragments did not show strongly supported
inconsistencies, a full matrix was generated in Geneious R 8.1.9 by
concatenating all gene fragment alignments.

We inferred phylogenetic relationships among Hydrophiloidea with
Bayesian Inference (BI) using the full matrix alignment. The partitions
and corresponding optimal models of substitution were selected in
PartitionFinder 2, among the ‘mrbayes’ set of models, using the greedy
algorithm and the BIC. The protein–coding gene fragments (PCF) were
divided by codon position and the ribosomal gene fragments (RF) were
left as unique partitions, for a total of 15 partitions. The BI analyses
were performed using MrBayes 3.2.6 (Ronquist et al., 2012) as im-
plemented on the CIPRES Science Gateway 3.3 (Miller et al., 2010).
Two simultaneous and independent Metropolis–coupled Markov chain
Monte Carlo analyses with eight chains (one cold and seven in-
crementally heated) running 100 million generations were used, with a
tree sampling every 5000 generations to calculate posterior prob-
abilities (PP). The convergence of the runs was assessed by in-
vestigating the average standard deviation of split frequencies in
MrBayes and the Effective Sample Size (ESS) of all parameters in Tracer
1.6 (http://BEAST.bio.ed.ac.uk/Tracer). A value of ESS > 200 was
used as a good indicator of convergence. All posterior trees that pre-
dated the time needed to reach a log–likelihood plateau were discarded
as burn–in, and the remaining samples were summarized to generate a
50% majority rule consensus tree.

We also inferred a phylogenetic tree of Hydrophiloidea using
W–IQ–TREE 1.5. The best partitioning scheme and models of sub-
stitutions were selected in PartitionFinder 2, among all available
models, using the greedy algorithm and the BIC. To assess nodal sup-
port, we performed 2000 ultrafast bootstrap replicates.

Finally, we performed topological tests to assess the robustness of
the placement of Oocyclus within Hydrophilidae (see Results and
Fig. 1). We constrained Oocyclus (including Ophthalmocyclus, see Re-
sults) to be paraphyletic with the Southeast Asian clade being sister to
Arabhydrus, Hydrophilomima, and Pelthydrus (see Results and Fig. 1),
and compared the likelihood of the resulting topology with the non-
constrained topology estimated in IQ-TREE (see above). We performed
a Kishino-Hasegawa (KH) test (1989), Shimodaira-Hasegawa (SH) test
(1999), expected likelihood weight (ELW) test (Strimmer & Rambaut,
2002), and an approximately unbiased (AU) test (Shimodaira, 2002)
with 1000 RELL replicates (Kishino et al., 1990).

2.3. Divergence time estimation

Because preliminary analyses without topological constraint failed
to converge (most ESS values of parameters < 100), we inferred di-
vergence times using BEAST 1.8.3 (Drummond et al., 2012), with the
fixed MrBayes topology. Since the different gene fragment alignments
did not have identical taxon sampling (Table S2), we could not perform
clock partitioning tests as implemented in ClockstaR (Duchêne et al.,
2013). Instead, we conducted a series of partitioned analyses to find the
best clock partitioning scheme among the ones tested. First (P1), we
assumed a first partition for the mitochondrial gene fragments (MF),
and a second partition for the nuclear gene fragments (NF). Second
(P2), we assumed a first partition for the RF, a second partition for the
nuclear PCF, and a third partition for the mitochondrial PCF. Third
(P3), we unlinked all clock models except the MF. The models of
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Fig. 1. Molecular phylogeny of the tribe Laccobiini Bayesian phylogenetic hypothesis inferred in MrBayes using the concatenated molecular matrix. Only the clade
corresponding to Laccobiini is presented (see Figs. S1 and S2 for the full phylogeny). Nodal support values form the MrBayes (posterior probabilities, PP) and IQ-
TREE (ultrafast bootstraps, UFBS) analyses are given according to the inserted caption. Different genera within Laccobiini are color-coded (the three major clades CI,
CII and CIII within Oocyclus as well). A dorsal picture of Oocyclus sapphirus from Coastal Mountains in Venezuela is presented.
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nucleotide substitution for each partition were selected under Parti-
tionFinder 2, among the ‘beast’ set of models, using the ‘greedy’ algo-
rithm and the BIC. The molecular clock test was performed in MEGA 7
(Kumar et al., 2016), by comparing the ML value of the MrBayes to-
pology with and without the molecular clock constraints under the
Tamura–Nei model. The null hypothesis of equal evolutionary rate
throughout the tree was rejected at a 5% significance level (p-
value < 0.001). Therefore, we used a Bayesian relaxed clock approach
as implemented in BEAST 1.8.3. We assigned a lognormal relaxed clock
with uncorrelated rates to each clock model. The Tree Model was set to
Speciation: birth–death process. We used 10 fossils to calibrate the
MrBayes phylogeny (Table S3): (1) Baissalarva hydrobioides† from the
Baissa deposits in the Buryat Republic (Fikáček et al., 2014), dated back
to the early Cretaceous (ca. 135Ma, Zherikhin et al., 1998), was used to
constrain the stem of Hydrobiusini; (2) Cercyon sp.† from Baltic amber
(ca. 44Ma, Kosmowska-Ceranowicz & Müller, 1985; Kosmowska-
Ceranowicz, 1987; Ritzkowski, 1997), placed in the extant genus Cer-
cyon by Kubisz (2000), but unambiguously assigned to Megasternini by
Fikáček (pers. comm.), based on morphological features of the antennae
and thorax, was used to constrain the stem of Megasternini; (3) Creni-
tulus paleodominicus† from Dominican amber (Fikáček & Engel, 2011),
dated back to ca. 15–20Ma (Iturralde-Vinent and MacPhee, 1996), was
used to constrain the stem of Crenitulus, (4) Helochares sp.† from Baltic
amber (Bloom et al., 2014), was used to constrain the stem of He-
lochares; (5) Helophorus paleosibiricus† from the Baissa deposits (Fikáček
et al., 2012a,b), was used to constrain the stem of Helophorus; (6) Hy-
drobiomorpha eopalpalis† from the Messel pit in Germany (Fikáček et al.,
2010a), dated from the mid–Eocene (ca. 47Ma, Mertz & Renne, 2005),
was used to constrain the stem of Hydrobiomorpha; (7) Hydrobius titan†
described from the Florissant Formation in Colorado (ca. 34Ma,
Evanoff et al., 2001; Prothero & Sanchez, 2004), belongs to the extant
genus Sperchopsis (Bloom et al., 2014), and was used to constrain the
stem of this genus; (8) Hydrochara sp.† from the Messel pit (Fikáček
et al., 2010a), was used to constrain the stem of Hydrochara (including
the genus Brownephilus whose synonymy with Hydrochara is in pre-
paration; Short et al., 2017b; Toussaint et al., 2017a); (9) Limnoxenus
olenus† from Aix–en–Provence Formation (Fikáček et al., 2010b), dated
back to ca. 22.5Ma (Nury & Thomassin, 1994; Fikáček et al., 2010b),
was used to constrain the stem of Limnoxenus; (10) Protochares brevi-
palpis† from the Talbragar Fossil Fish Bed (Fikáček et al., 2014), dated
to the Late Jurassic (Turner et al., 2009; Beattie & Avery, 2012), was
used to constrain the stem of Hydrophilidae.

We conservatively chose to use fossil calibrations as stem con-
straints following fossil morphological evidence (e.g., Fikáček et al.,
2010a,b, 2014). Using crown constraint would have been perilous
considering the lack of evidence that these fossils belong to the tax-
onomically-restricted clades sampled in this study. We used the
minimum age of the stratum in which fossils were embedded to con-
strain focal nodes. The minimum ages were enforced with exponential
and uniform distributions in different analyses to assess the impact of
fossil calibration prior distributions on posterior divergence time esti-
mates. The choice of a maximum age in dating analyses is always
challenging, therefore we run two different kinds of analyses based on
external estimates for the age of the superfamily Hydrophiloidea. There
have been several attempts to calibrate the beetle tree of life in the past
(Hunt et al., 2007; McKenna et al., 2015; Toussaint et al., 2017c). The
most recent study conducted by Toussaint et al. (2017c) is a reanalysis
of McKenna et al. (2015) based on a more extensive selection of 34
beetle fossil taxa. The resulting chronogram recovers a maximum age of
about 215 million years (Myr) for the crown of Hydrophiloidea, and of
about 273 Myr for its stem. Based on the reduced taxon sampling in
Toussaint et al. (2017c), it is difficult to determine whether the crown
or stem age should be used. Therefore, we used these two age estimates
to enforce the uniform and exponential prior distributions for each
fossil. Moreover, the root of the tree was calibrated with a uniform prior
comprising as an upper bound the selected maximum age (215 or 273

Myr) and as a lower bound the minimum age of the oldest fossil used to
calibrate the tree (i.e., 135 Myr). The exponential prior distribution
parameters for each fossil calibration are given in Table S3. The para-
meter values were chosen so that the prior distribution would span the
same interval as the one used in the uniform distributions, but with a
diminishing tail of probability toward older ages (see Ho & Phillips,
2009 for a rationale).

The runs consisted of 200 million generations sampled every 5000
generations. We performed a marginal likelihood estimation using
stepping–stone sampling (MLSS, Xie et al., 2011; Baele et al., 2012) for
each run, using 1000 path steps, and chains running for one million
generation with a log likelihood sampling every 1000 cycles. The MLSS
were then calculated using BEAST. The convergence of the runs was
investigated using ESS. A burn–in of 25% was applied after checking
the log–likelihood curves. The maximum credibility trees, median ages
and their 95% highest posterior density (HPD) were generated under
TreeAnnotator 1.8.3 (Drummond et al., 2012).

2.4. Ancestral range estimation

The ancestral range estimations were performed on the chronogram
resulting from the BEAST analysis with the best marginal likelihood
(see Table S7 and Results). The chronogram was pruned to keep only
the genus Oocyclus (including Ophthalmocyclus, see Results), hereafter
referred to as sensu stricto (SS), or Oocyclus+Ophthalmocyclus as well as
its sister clade comprising the genera Arabhydrus, Hydrophilomima and
Pelthydrus, hereafter referred to as sensu lato (SL). These three latter
genera are restricted to the Oriental region except for Arabhydrus whose
distribution encompasses the Arabian Peninsula (one species). We used
BioGeoBEARS (Matzke, 2013) to infer the biogeographical history of
the genus across its entire range of distribution using both chronograms
(SS and SL). This program allows the comparison of different models in
a statistical framework. We ran and compared different analyses under
the Dispersal Extinction and Cladogenesis (DEC, Ree et al., 2005; Ree
and Smith, 2008), DIVA (Ronquist, 1997), and BAYAREA (Landis et al.,
2013) models. The DIVA and BAYAREA models are implemented in a
ML framework in BioGeoBEARS and as a result are respectively named
DIVALIKE and BAYAREALIKE. We also ran the analyses with or without
the founder–event jump dispersal parameter j (Matzke, 2014).

We used the following regions in the analyses: A, Andes; B, Brazilian
Shield; C, Central America; G, Guiana Shield; I, India/Sri Lanka; and S,
Oriental region. A seventh region corresponding to the Arabian
Peninsula (P) was added in the analyses based on the SL chronogram.
We designed three time slices to capture the main paleogeographical
events that occurred during the evolution of the genus (Seton et al.,
2012). The first time slice TS1 encompasses the period from the origin
of the group about 110 million years ago (Ma) (120Ma in SL, see Re-
sults) until 90Ma when India separated from the rest of Gondwana. The
second time slice TS2 stretches from 90Ma to 55Ma when India col-
lided with the Eurasian plate. Finally, the last time slice TS3 covers the
period between 55Ma and the present. The dispersal rate scalers and
adjacency matrices of the different time slices (Tables S4, S5 and S6)
were chosen based on paleogeographic evidence following Seton et al.
(2012). In all dispersal rate scaler matrices, dispersal events between
adjacent areas were not scaled (dispersal d= 1.0). A scaler of 0.5 was
applied for dispersal events between areas separated by a third one, and
a scaler of 0.25 to dispersal events between areas separated by a small
water barrier. Dispersal events between areas separated by a large
oceanic barrier were considered long–distance dispersal events and
were downweighted by a scaler of 0.1. We constrained the maximum
number of ancestral areas to three. We also included a second model
M2 penalizing over-water dispersal more and over-land dispersal less
than in M1, namely with a dispersal rate scaler of 0.1 for any dispersal
event over-water, and a dispersal scaler of 0.75 for dispersal events
between areas separated by a third one. The analyses were also per-
formed under a null model with all combinations of areas allowed and
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no dispersal rate scalers (all d= 1.0).

2.5. Diversification analyses

We used the program R with the SL and SS chronograms to in-
vestigate diversification in a temporal framework while accounting for
missing taxa in our sampling. To do so, we used the package TreePar
(Stadler, 2011) to estimate the potential shifts in speciation and ex-
tinction rates in the two different chronograms via the function
‘bd.shifts.optim’. This function uses the empirical branching times from
the chronogram as an input and fits several birth–death models in-
cluding 0 (constant–rate model) to several diversification rate shifts
during the lineage evolution. We tested different models ranging from 0
to 3 rate shifts. All the analyses were carried out with the following
non–default settings: taxon sampling was set to 52/87 (58/160 with
SL), start= 0, end=110 (120 with SL) and grid= 1 Myr for a fi-
ne–scale estimation of rate shifts. We calculated AICc scores and com-
puted Likelihood Ratio Tests (LRT) to select the best–fit between the
different models allowing incrementally more shifts during the evolu-
tion of the clade.

We also used the program Bayesian analysis of macroevolutionary
mixture (BAMM 2.5, Rabosky, 2014; Rabosky et al., 2014), to estimate
the macroevolutionary dynamics among and within the SL and SS
chronograms. This program has recently been the object of criticism
(Moore et al., 2016), and considering the ongoing debate regarding the
accuracy of BAMM estimates (Rabosky et al., 2017), we remain cau-
tious on the interpretation of the results in this study. Parameter priors
were estimated using the command setBAMMpriors included in the R
package BAMMtools (Rabosky et al., 2014). We conducted the BAMM
analyses with four reversible jump MCMC (Huelsenbeck et al., 2004),
running for 10 million generations and sampled every 5000 genera-
tions. We used a prior value for the compound Poisson process of 1.0
corresponding to a constant rate across the phylogeny. We considered
non-random missing taxon sampling by assigning sampling ratios to the
different clades recovered in the phylogeny based on our knowledge of
the group and morphological affinities of missing taxa. ESS values were
calculated using the R package CODA (Plummer et al., 2006). The
output files were analyzed using BAMMtools. The posterior distribu-
tions of the BAMM analyses were used to estimate the best shift con-
figurations and the 95% credible sets of distinct diversification models.

3. Results

3.1. Phylogenetic relationships

The topology resulting from the MrBayes analysis along with nodal
support values of both analyses (BI and ML) is given in Fig. 1 for the
tribe Laccobiini, and in Fig. 2 for the whole family Hydrophilidae (see
Figs. S1 and S2 for detailed BI and ML trees). Both methods recovered
highly similar phylogenetic relationships. We find the family Hydro-
philidae monophyletic with strong support, as well as all subfamilies
and tribes with moderate to strong support. Within the monophyletic
tribe Laccobiini, we infer a clade comprised of Paracymus, Scoliopsis,
Tormus and Tritonus as sister to all other genera. Laccobius is found
monophyletic and as sister to a monophyletic clade comprised of Oo-
cyclus and Ophthalmocyclus on one hand, and Arabhydrus, Hydro-
philomima, and Pelthydrus on the other hand. The topological tests (KH,
SH, ELW and AU) conducted in IQ-TREE did not significantly support
the monophyly or the paraphyly of Oocyclus, with both tested topolo-
gies being statistically impossible to reject in all tests based on our
dataset (Table 1). However, the clade comprised of Oocyclus and Oph-
thalmocyclus is found monophyletic in both BI and ML analyses albeit
with moderate support (PP= 0.87/UFBS=82), with three strongly
supported and genetically well–differentiated clades. The first clade CI
is comprised of all Oriental Oocyclus species, and is recovered as sister
to the remaining taxa. The two other clades CII and CIII are respectively

comprised of all South Indian/Sri Lankan and Neotropical species.
Ophthalmocyclus is found nested within the Indian clade with strong
support.

3.2. Divergence time estimates

All BEAST runs converged as indicated by ESS values above 200 for
all parameters. The marginal likelihood calculations obtained via
stepping–stone sampling are given in Table S7. The run receiving the
best marginal likelihood (SSML=−162587.1163) was set using the
maximum age of the stem Hydrophiloidea (273 Myr), 5 partitions (one
per gene fragment except for the mitochondrial gene fragments) and an
exponential prior density for all fossil calibrations. Although we recover
substantial differences in divergence time estimates for the root and to a
lesser extent for the age of Hydrophilidae, our estimates are rather
comparable for the crown Oocyclus and clades CI, CII and CIII (Fig. 3).
The results of the BEAST dating analyses are summarized in Fig. 2 for
the whole family under the best run as supported by marginal like-
lihood estimates. This analysis recovers an origin of Oocyclus in the
mid–Cretaceous, 100.47Ma (95% HPD: 87.98–114.16Ma). We infer an
age for the crown of the Oriental clade CI in the Paleocene, 60.64Ma
(95% HPD: 47.36–74.18Ma). The crowns for the Indian and Neo-
tropical clades CII and CIII are respectively dated from the Eocene,
52.26Ma (95% HPD: 40.14–65.42Ma), and from the Upper Cretaceous,
68.22Ma (95% HPD: 58.29–78.63Ma). The substitution rates of each
gene fragment calculated in the best analysis are given in Table S8.

3.3. Biogeographic analyses

The different analyses conducted in BioGeoBEARS resulted in con-
trasting biogeographical patterns as summarized in Fig. 4 and Table 2
(see Figs. S3–S8 for more details). The analyses implying the foun-
der–event jump dispersal parameter j received significantly better
likelihoods than the models ignoring this parameter. The analyses
based on the reduced topology (SS) and without an explicit model of
range evolution (model M0) resulted mostly in a pattern invoking a
Pangean origin of Oocyclus, with a widespread ancestral disjunct dis-
tribution. The overall best analysis under model M0 (M0 SS DIVALIKE
+j, LnL=−55.50) recovered an origin of Oocyclus in the Andes, India
and Oriental region, followed by multiple vicariant events. The analyses
based on the topology including outgroups (SL) but without an explicit
model of range evolution (M0) resulted in very different patterns de-
pending on the inclusion of the j parameter. The best analysis (M0 SL
DIVALIKE+j, LnL=−67.27) recovered an origin of Oocyclus in the
Oriental region, followed by transoceanic dispersal toward India in the
Upper Cretaceous, and a colonization of the Andes out of India at the
end of the Cretaceous. The analyses performed based on the topology
including outgroups (SL) or excluding them (SS), and with an explicit
model of range evolution (models M1 or M2) estimated very similar
patterns (Table 2). All analyses based on the reduced topology (SS) and
with an explicit model of range evolution (M1 or M2) recovered a
Gondwanan scenario (except the M2 SS DEC+j, LnL=−55.09 with a
Laurasian scenario). The overall best analysis (M1 SS DIVALIKE+j,
LnL=−52.38) recovered a widespread disjunct ancestral range in the
Guiana Shield and India, followed by a colonization of the Oriental
region via dispersal and several vicariant events. The analyses based on
the topology including outgroups (SL) and with an explicit model of
range evolution (M1 or M2) resulted in different patterns depending on
the inclusion of the j parameter. When included, all analyses recovered
a Laurasian origin in the Oriental region, whereas when omitted, all
analyses recovered a Gondwanan origin. The best analysis (M1 SL
DEC+j, LnL=−60.56), recovered an origin of Oocyclus in the Oriental
region, followed by transoceanic dispersal toward India in the Upper
Cretaceous, and another transoceanic dispersal event toward the
Guiana Shield at the end of the Cretaceous. In the first three best
analyses described above, the relative probability of the most likely
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ancestral ranges was low for the initial nodes of the backbone. In the
last one however, the relative probability of the ancestral ranges was
very high for all nodes across the topology. We present the detailed
biogeographical pattern of this latter analysis in Fig. 5.

3.4. Diversification dynamics

The results of the TreePar analyses are provided in Tables S9 and
S10. The analysis conducted on the reduced topology (SS) recovered a
unique shift in diversification in the late Miocene (8Ma) with a decrease
in the rate of diversification. The analysis conducted with the topology

including outgroups recovered a model without rate shifts as the best,
therefore assuming a constant diversification rate for the evolution of
the clade. The BAMM analyses converged well with ESS values above
1000 both for the log-likelihood and the number of shift events (Fig. S7
and S8). The analyses conducted with the SL and SS chronograms re-
covered a unique shift configuration within the 95% credible set of
configurations. The associated pattern included no rate shift across the
phylogeny, and a declining speciation rate through timer (see Figs. S7
and S8).

Fig. 2. Molecular phylogeny and divergence time estimates of the family Hydrophilidae Circular timetree of Hydrophilidae inferred in BEAST. This chronogram is
derived from the best BEAST analysis as selected using marginal likelihoods (see Results). All major clades are color-coded as indicated in the inserted caption. Nodal
support values form the MrBayes (posterior probabilities, PP) and IQ-TREE (ultrafast bootstraps, UFBS) analyses are given according to the inserted caption. Pictures
(credit Udo Schmidt) from top to bottom; Scoliopsis sp. (Laccobiini), Sternolophus inconspicuous (Hydrophilini), Hydrocassis scapulata (Hydrobiusini), Berosus incretus
(Berosini), Pachysternum nigrovittatum (Sphaeridiinae), Helochares pallens (Acidocerinae), Enochrus esuriens (Enochrinae), Crenitis punctatostriata (Chaetarthriinae).

Table 1
Results of the topological tests conducted in IQ-TREE.

Tree logL deltaL bp-RELL p-KH p-SH c-ELW p-AU

Paraphyly −159371.767 0.000 0.5690 + 0.5600 1.0000 0.5680 0.5618
Monophyly −159376.134 4.367 0.4310 + 0.4400 0.4400 0.4320 0.4382

deltaL, logL difference from the maximal logl in the set; bp-RELL, bootstrap proportion using RELL method (Kishino et al., 1990); p-KH, p-value of one sided Kishino-
Hasegawa test (1989); p-SH, p-value of Shimodaira-Hasegawa test (1999); c-ELW, Expected Likelihood Weight (Strimmer & Rambaut, 2002); p-AU, p-value of
approximately unbiased (AU) test (Shimodaira, 2002). Plus signs denote the 95% confidence sets. All tests performed 1000 resampling using the RELL method.
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4. Discussion

4.1. Systematics of Laccobiini

The phylogenetic placement of the tribe Laccobiini and monophyly
of the genus Oocyclus have remained uncertain after recent studies
(Short & Fikáček, 2013; Toussaint et al., 2016). Short & Fikáček (2013)
suggested that the tribe Laccobiini was paraphyletic due to the place-
ment of the Paracymus-group as sister to the tribes Hydrobiusini and
Hydrophilini. They also inferred Oocyclus nested within the Laccobius-
group, and as paraphyletic due to the placement of clade CI as sister to
the genera Arabhydrus, Hydrophilomima and Pelthydrus. In Toussaint
et al. (2016), Oocyclus was recovered as paraphyletic as in Short &
Fikáček (2013), but Laccobiini was recovered as monophyletic.

Reduced taxonomic and genetic sampling in these two previous studies
might have hampered the phylogenetic resolution in the tribe Lacco-
biini. Using a more comprehensive dataset, our analyses recover a
monophyletic Laccobiini, which is congruent with Toussaint et al.
(2016) though in contrast to Short & Fikáček (2013) in which the
Laccobius–group and Paracymus–group were found to be paraphyletic
with weak support. This is likely due to significantly increased taxon
sampling, as our analysis includes four times as many species of the
tribe than the earlier works. Within the Laccobius–group, our analysis
differs in two notable ways that also seem likely due to increased taxon
sampling. First, we recover a monophyletic Oocyclus while prior studies
had found the genus to be paraphyletic (Short & Fikáček, 2013;
Toussaint et al., 2016). Specifically, the Southeast Asian taxa in clade CI
were previously found to be sister to

Fig. 3. BEAST divergence times estimates under different priors Violin plots presenting mean ages (white dots) along with the posterior distribution (grey area) of the
95% credibility intervals (black bars) inferred in the different BEAST analyses. P1, one relaxed molecular clock for the mitochondrial gene fragments and one
partition for the nuclear gene fragments; P2, one relaxed molecular clock for the ribosomal gene fragments, one relaxed molecular clock for the nuclear protein-
coding gene fragments, and one relaxed molecular clock for the mitochondrial gene fragments; P3, one relaxed molecular clock per nuclear gene fragment and one
relaxed molecular clock for all mitochondrial gene fragments; Exp, fossil exponential prior distribution; Uni, fossil uniform prior distribution; 215, maximum age
corresponding to the crown median age of Hydrophiloidea in Toussaint et al. (2017c); 273, maximum age corresponding to the crown median age of Hydrophiloidea
in Toussaint et al. (2017c).
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(Arabhydrus+ Pelthydrus+Hydrophilomima), which were together
sister to the remaining Oocyclus. This study includes a substantially
larger sampling of Oocyclus diversity that may have caused the re-
solution of the genus as monophyletic (but see Table 1 regarding the
topological tests conducted). The genus is morphologically well–-
defined and no characters are known which would hint towards the
genus not being monophyletic. Second, the genus Pelthydrus is shown to
be paraphyletic; prior studies had only included a single exemplar. The
genus is composed of two morphologically distinct subgenera, Pelthy-
drus (sensu stricto) and Globipelthydrus. Our analyses resolve each of
these subgenera as monophyletic, but the genus as paraphyletic with
respect to Arabhydrus and Hydrophilomima (Fig. 1). Additional sampling
within Pelthydrus would be desirable before making taxonomic changes
to the genus. As all representatives of all three genera occur in the
Southeast Asia and one on the Arabian Peninsula, the internal re-
lationships of the group do not affect the biogeographic reconstructions
within Oocyclus.

4.2. Notes on the importance of comparative macroevolutionary analyses

Our dating analyses yielded rather similar ages for the various
clades within Oocyclus (Fig. 3), therefore we believe our biogeo-
graphical estimations are unlikely to be biased by divergence time es-
timation uncertainty. However, the dating analyses recover very dif-
ferent ages in other parts of the hydrophiloid tree, illustrating that
partitioning strategies, prior densities applied to fossil calibrations, and
more importantly choice of maximum ages need to be tested in a
comparative framework to assess the robustness of inferred timeframes
(e.g. Warnock et al., 2015).

Our analyses of ancestral range estimation recovered very different
patterns depending on the topology considered (SS vs. SL), im-
plementation of the founder–event jump dispersal parameter j, or use of
an explicit model of range evolution based on time–dependent ad-
jacency matrices and dispersal rate scalers. Overall, we find that the use
of an explicit model of range evolution results in improved likelihoods
for both topologies (SS and SL). We argue a biogeographical model that
considers the arrangement of areas and their tectonic evolution through
time is biologically more tenable than a model assuming equal dispersal
rates between adjacent and remote areas, between areas that were not
extant throughout the age of the lineage, or among those that have
substantially changed position or size during the evolution of the group.
Considering this and the improvement in likelihood when using a de-
signed model, we choose not to discuss in detail the two series of
analyses based on a null model M0. The two remaining series of ana-
lyses recover divergent patterns of range evolution depending on the
topology considered (Table 2). The best analysis of each series is
summarized in Fig. 4. Broadly, we recover a Laurasian origin when
including outgroups of Oocyclus, but a Gondwanan origin when ex-
cluding them. The analysis based on the chronogram excluding out-
groups supports a scenario where the ancestor of Oocyclus would have
been distributed in India and in the Guiana Shield. These two regions,
in the mid–Cretaceous, were extremely distant from each other, being
separated by Africa and multiple oceanic barriers (Seton et al., 2012).
As a result, this scenario would also require regional extinction at least
in Africa to explain the disjunct distribution of Oocyclus in the mid–-
Cretaceous. This is not an impossible evolutionary history, and maybe
Oocyclus beetles existed at some point in Africa. Based on the extensive
amount of work that has been conducted in Africa by water beetle

Fig. 4. BioGeoBEARS biogeographical scenarios as estimated under different models and topologies Summary of the biogeographical scenarios derived from the best
BioGeoBEARS models with M0 (SS and SL) and M1 (SS). Schematic phylogenetic trees are presented to summarize the relationships inferred among the three main
clades (CI, CII and CIII) of the genus Oocyclus. The color-coding in the phylogenetic trees follows the one used for the regions in the different maps. The numbered
white squares indicate the synchronicity or chronological ordering of biogeographical events. Schematic reconstructions of landmass positions 100, 80 and 40Ma
following Seton et al. (2012) are presented.
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specialists, it seems very unlikely that these beetles currently exist on
this continent. Using a phylogeny of extant taxa and in the absence of
Oocyclus fossils, it is difficult to favor one hypothesis over the other. Our
BAMM and TreePar diversification rate analyses do not detect a general
pattern of extinction across Oocyclus, lending more support for the
dynamic biogeographic pattern over the regional extinction one.
However estimating extinction from small phylogenies is always chal-
lenging, and BAMM and TreePar do not allow the detection of punctual
extinction events across the phylogeny of Oocyclus, therefore patterns
invoking extinction to explain the current distribution of Oocyclus
beetles cannot be discarded. Overall, our suite of analyses showcases
the importance of a comparative framework as opposed to a single
biogeographic analysis that can often give a simplistic view of evolu-
tionary trajectories. We also argue that broadening the taxon sampling
to include immediate outgroups of taxa under the focus of biogeo-
graphic studies should be implemented when possible. Clearly, in the
case of Oocyclus, as likely in many other clades for which the biogeo-
graphic history appears complex, the inclusion of outgroups provides a
much more accurate estimation of ancestral ranges and can shed light
on patterns that would otherwise be obscured by the lack of external
information from the sister-lineages.

Finally, it is noteworthy that the use of the founder–event jump
dispersal parameter j dramatically influences the biogeographic esti-
mations in this clade and in many others. One should keep in mind that
the inclusion of this parameter assumes very different processes and
that all analyses, even the ones with apparently lower likelihoods in
BioGeoBEARS can still be of interest when trying to elucidate the

origins and range evolution of clades through time. In the case of
Oocyclus, all models that did not include the j parameter supported an
origin in a Pangean setting, implying either an even older widespread
distribution across Pangea followed by multiple events of regional ex-
tinction, or an origin shaped by trans-Pangean long-distance dispersal
events. We argue that these patterns although plausible are less likely
than the ones (Gondwanan or Laurasian) estimated using the j para-
meter. Certainly a large-scale estimation of ancestral ranges across
Hydrophilidae will help in the future shed light on the intricate evo-
lution of Oocyclus beetles.

4.3. Broad-scale patterns of biogeographic evolution

The results of our dating and ancestral range estimations shed some
light on the evolution of widespread ancient lineages. It has been no-
toriously difficult to untangle the diversification mechanisms in old
lineages because understanding the evolution of landmass connectivity
and locations through time is not trivial (e.g., Clouse et al., 2017).
However, our results present an intriguing new pattern in Gondwanan-
Laurasian biogeography. In this study, the pattern inferred when in-
cluding outgroups recovers a Laurasian origin of Oocyclus in the
mid–Cretaceous (Fig. 5). Under this scenario, the ancestor of the group
would have been restricted to the Oriental region and later dispersed
via long–distance dispersal (LDD) toward India. The LDD event toward
India would have taken place in the Upper Cretaceous, when or soon
after India separated from Gondwana (Seton et al., 2012). India split
from Madagascar about 88Ma (Gibbons et al., 2013) but remained

Table 2
Detailed results of the BioGeoBEARS analyses.

Model LnL P. d e j Ak. W. N0 N1 N2 N3 N4 N5 N6 N7 Origin

M0 SS DEC −64.63219 2 0.00084 0.00000 0.00000 0.00029 – GIS S* AGI I* AG* G* A* Pangea
M0 SS DEC+j −69.97148 3 0.00053 0.00834 0.01721 0.00000 – AIS S* AI I* A G* A* Pangea
M0 SS DIVALIKE −65.04566 2 0.00121 0.00000 0.00000 0.00019 – AIS S* AGI I* AG GB* A* Pangea
M0 SS DIVALIKE+j −55.49513 3 0.00031 0.00000 0.02109 0.99339 – AIS S* AI I* AG G* A* Pangea
M0 SS BAYAREALIKE −83.20432 2 0.00079 0.00852 0.00000 0.00000 – AIS S* AI I* AG GB A* Pangea
M0 SS BAYAREALIKE+j −60.58433 3 0.00023 0.00140 0.01901 0.00612 – CG S* CG I* CG G* A* Pangea
M0 SL DEC −76.39707 2 0.00075 0.00000 0.00000 0.00029 GIS GIS S* AGI I* AG* G* A* Pangea
M0 SL DEC+j −70.93029 3 0.00020 0.00000 0.05356 0.02493 S S S* I I* A G* A* Laurasia
M0 SL DIVALIKE −80.02460 2 0.00097 0.00000 0.00000 0.00001 AIS AIS S* AGI I* AG GB* A* Pangea
M0 SL DIVALIKE+j −67.26627 3 0.00020 0.00000 0.02032 0.97262 S S S* I I* A G* A* Laurasia
M0 SL BAYAREALIKE −96.63823 2 0.00060 0.00808 0.00000 0.00000 AIS AIS S* AI I* AG GB A* Pangea
M0 SL BAYAREALIKE+j −73.37805 3 0.00017 0.00055 0.00526 0.00216 CG CG S* CG I* CG G A Gondwana
M1 SS DEC −74.95865 2 0.00279 0.00209 0.00000 0.00000 – GI I* GI I* AGB GB* A* Gondwana
M1 SS DEC+j −56.88273 3 0.00097 0.00000 0.01347 0.01006 – GI S* GI I* G G* A* Gondwana
M1 SS DIVALIKE −80.03862 2 0.00396 0.00529 0.00000 0.00000 – I* I* GI I* AGB GB* A* Gondwana
M1 SS DIVALIKE+j −52.38286 3 0.00077 0.00000 0.04495 0.90574 – GI S* GI I* G G* A* Gondwana
M1 SS BAYAREALIKE −90.66567 2 0.00280 0.00938 0.00000 0.00000 – GI I* GI I* G GB* A* Gondwana
M1 SS BAYAREALIKE+j −54.75842 3 0.00045 0.00048 0.02982 0.08420 – CG S* CG I* CG G* A* Gondwana
M1 SL DEC −101.91475 2 0.00387 0.00433 0.00000 0.00000 I I I* GI* I* AG GB* A* Gondwana
M1 SL DEC+j −60.56373 3 0.00054 0.00000 0.04547 0.55185 S* S* S* I* I* G G* A* Laurasia
M1 SL DIVALIKE −104.21122 2 0.00478 0.00384 0.00000 0.00000 I* I* I* GI* I* AG GB* A* Gondwana
M1 SL DIVALIKE+j −60.83358 3 0.00065 0.00000 0.04843 0.42133 S* S* S* I* I* G G* A* Laurasia
M1 SL BAYAREALIKE −115.66614 2 0.00390 0.01018 0.00000 0.00000 I I* I GI I* G GB A* Gondwana
M1 SL BAYAREALIKE+j −63.58783 3 0.00114 0.00011 0.03499 0.02682 S* S* S* I* I* G G* A* Laurasia
M2 SS DEC −75.08251 2 0.00277 0.00210 0.00000 0.00000 – GI I* GI I* AGB GB* A* Gondwana
M2 SS DEC+J −55.08997 3 0.00076 0.00000 0.08724 0.07583 – S S* I I* G G* A* Laurasia
M2 SS DIVALIKE −80.01872 2 0.00390 0.00534 0.00000 0.00000 – I* I* GI I* AGB GB* A* Gondwana
M2 SS DIVALIKE+J −52.63423 3 0.00074 0.00000 0.04703 0.88379 – GI S* GI I* G G* A* Gondwana
M2 SS BAYAREALIKE −90.81965 2 0.00276 0.00933 0.00000 0.00000 – GI I* GI* I* G GB A* Gondwana
M2 SS BAYAREALIKE+J −55.72023 3 0.00084 0.00091 0.02374 0.04038 – CG S* CG I* CG C A* Gondwana
M2 SL DEC −101.97547 2 0.00395 0.00434 0.00000 0.00000 I I I* GI* I* AG GB A* Gondwana
M2 SL DEC+J −61.78517 3 0.00055 0.00000 0.04957 0.54281 S* S* S* I* I* A* G* A* Laurasia
M2 SL DIVALIKE −104.24774 2 0.00487 0.00394 0.00000 0.00000 I* I* I* GI* I* AG GB* I* Gondwana
M2 SL DIVALIKE+J −61.96694 3 0.00071 0.00000 0.05184 0.45259 S* S* S* I I* A G* A* Laurasia
M2 SL BAYAREALIKE −115.8453 2 0.00396 0.01022 0.00000 0.00000 I I I* GI I* G GB A* Gondwana
M2 SL BAYAREALIKE+J −66.55416 3 0.00043 0.00024 0.02054 0.00461 S S S* I I* A G* A* Laurasia

LnL, log–likelihood of the model; P., number of parameters; d, dispersal parameter; e, extinction parameter; j, jump–dispersal founder event jump dispersal para-
meter; Ak. W., Akaike weight; M0, null unconstrained model; M1, model with designed adjacency and dispersal multiplier matrices; SS, Oocyclus topology sensu
stricto; SL; Oocyclus topology with the sister clade comprising Arabhydrus, Hydrophilomima and Pelthydrus; A, Andes; B, Brazilian Shield; C, Central America; G;
Guiana Shield; I; India/Sri Lanka; P, Arabian Peninsula; S, Oriental Region; Asterisks indicate a relative probability Rp > 50% for a given estimated ancestral range
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Fig. 5. BioGeoBEARS biogeographical scenario of the genus Oocyclus BEAST chronogram with median ages and 95% credibility intervals (horizontal grey bars) for
each node of the genus Oocyclus and sister clade (SL chronogram). The biogeographical scenario as estimated using BioGeoBEARS with the preferred model including
outgroups (M1 SL DEC+j, LnL=−60.56373; see Results) is presented. The distribution of all terminals in the areas defined in BioGeoBEARS are given with squares
color-coded according to current geographical ranges and following the inserted caption. Asterisks indicate a relative probability of the ancestral geographical range
above 50% (see Table 2 and Figs. S3–S6 for more details). The numbered white squares indicate the synchronicity or chronological ordering of biogeographical
events. Schematic reconstructions of landmass positions 100, 80 and 40Ma following Seton et al. (2012) are presented.
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attached to Seychelles until the end of the Cretaceous about 63Ma
(Armitage et al., 2011). Although, to our knowledge, the directionality
of this pattern is unique in the literature, such long–distance dispersal,
in terms of distance, has been suggested in other groups of water beetles
(e.g. Morinière et al., 2016; Toussaint et al., 2017b; Toussaint & Short,
2017). Indeed, several lineages have been suggested to have dispersed
in the other direction, from Gondwana to Laurasia through the rafting
Indian plate, a hypothesis coined the ‘biotic ferry’ (Hedges, 2003, see
Datta-Roy and Karanth, 2009; Toussaint et al., 2016 for reviews and
criticisms). In the case of Oocyclus, India acted more as a ‘biotic hub’,
allowing the dispersal of these beetles from Laurasia toward Gondwana
through stepping-stone long-distance dispersal. Although there is very
little information regarding the dispersal capacity of Oocyclus beetles,
adults have been observed to fly when removed from their hygropetric
habitat, and are occasionally collected in flight intercept traps (Short
and Toussaint, pers. obs.). Therefore, the LDD event supported by the
DEC+j model does not seem unreasonable.

Following this early colonization of India, some lineages drifted
along with the island as it moved toward Eurasia in the Paleocene. As
suggested in other laccobiine beetles (Scoliopsis, Toussaint et al., 2016),
as well as in a few other groups (e.g. Bossuyt & Milinkovitch, 2001;
Pirie et al., 2015; but see Pyron, 2014 regarding the biogeography of
frog lineages), this lineage would have had to cope with the extreme
tectonic and volcanic activities triggered by the collision of the Indian
and Asian plates (Chenet et al., 2008). As suggested for the cascade
beetle genus Scoliopsis, the intense volcanism happening during the
formation of the Deccan traps could have fortunately provided rock–-
seep specialists such as Oocyclus beetles, with a variety of suitable ha-
bitats, therefore allowing the Indian lineages to survive until the final
docking of India (Toussaint et al., 2016). This might be supported by
the fact that lineage diversification in India only started after the
landmass collided with Asia, allowing continental dispersal.

The lineage endemic to the Oriental region only started to diversify
in the Paleocene, and did not manage to further colonize the Australian
region despite the formation of the Wallacea in the Miocene (Hall,
2013). This is surprising as many lineages of insects that originated in
the Oriental region took advantage of the geological re-assemblage of
the Indo-Australian archipelago (IAA) to successfully colonize the
Australian region from the north (e.g., Condamine et al., 2013; Mezger
& Moreau, 2016; Morinière et al., 2016; Toussaint and Balke, 2016).
Oocyclus is restricted to continental Asia in addition to some species
distributed in the Greater Sunda Islands and Taiwan (Hansen, 1999),
however, the genus is absent from the Australian region. As the Aus-
tralian water beetle fauna is well–known, it is very unlikely that Oo-
cyclus could have been overlooked in Australia and adjacent archipe-
lagoes. Other seepage specialist genera within the Hydrophilidae (e.g.
Notionotus) are also absent from this biogeographical region, but the
cause for this pattern remains unknown.

Our biogeographical analysis suggests that the Guiana Shield was
colonized through LDD from drifting India. This biogeographical pat-
tern is the most puzzling, because it implies overland dispersal across
Africa and eastern Neotropics as well as oceanic dispersal. This LDD
event seems rather unlikely even though this is the most likely scenario
under our estimation. There is also no other empirical evidence of such
a LDD pattern. The transition from India to Neotropics therefore re-
mains quite enigmatic. A possible alternative scenario would invoke
dispersal from India through Antarctica and toward South America in
the Upper Cretaceous. Examples of biogeographic patterns invoking a
role of Antarctica have been suggested in several groups in the past
(e.g., Kayaalp et al., 2013, 2017; Givnish et al., 2016; Gustafson &
Miller, 2017; Toussaint & Short, 2017; Toussaint et al., 2017b). Al-
though the existence of land bridges facilitating such dispersal events
has been questioned (Ali and Aitchison, 2009; Ali and Krause, 2011),
transoceanic dispersal would have been possible. However, without a
better knowledge of the fossil record, it will not be possible to elucidate
this rather unique pattern. After the colonization of the Guiana Shield

where the lineage slowly diversified and later colonized the Brazilian
Shield (Fig. 5), we reconstruct an early colonization of the Andes where
the group started to diversify in the Paleogene (Fig. 5). Although the
western Neotropics were characterized by subduction for the past 100
Myr (Cobbold et al., 2007), the Andes were not as rugged and high as
since the Miocene (Mora et al., 2010). Therefore, colonization of the
Andean region from the Guiana Shield would have only required con-
tinental dispersal over a rather uniform landscape. The later coloniza-
tion of Central America and reverse colonization of Guiana Shield do
not seem to match particular events in the geological history of the
Neotropical region (Hoorn et al., 2010).

4.4. Conclusion

Our study suggests that biogeographic estimations/reconstructions
should ideally be conducted in a comparative framework, to assess the
impact of outgroup sampling, divergence time uncertainty and models
of range evolution on estimated biogeographical scenarios. Using such a
comprehensive set of likelihood analyses, we show that the historical
biogeography of tropical cascade beetles in the genus Oocyclus is very
complex. Our different analyses support various biogeographical sce-
narios, and the one we hypothesize to be the most likely implies
transoceanic long distance dispersal between the Oriental region, India
and the Neotropics. Such a unique scenario sheds light on the intricacy
of ancient arthropod lineage biogeography with respect to the Earth
landmass evolution throughout geological eras.
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