Molecular Phylogenetics and Evolution 57 (2010) 227-236

Contents lists available at ScienceDirect

ULaR
ENETICS
10N

MOLECY
& EVOLU

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier.com/locate/ympev

Phylogeny, historical biogeography and body size evolution in Pacific Island
Crocodile skinks Tribolonotus (Squamata; Scincidae)

Christopher C. Austin®*, Eric N. Rittmeyer?, Stephen ]. Richards®, George R. Zug*®

@ Department of Biological Sciences, Museum of Natural Science, 119 Foster Hall, Louisiana State University, Baton Rouge, LA 70803-3216, USA
b Vertebrates Department, South Australian Museum, North Terrace, Adelaide, SA 5000, Australia
¢ National Museum of Natural History, Department of Vertebrate Zoology, Washington, DC 20560, USA

ARTICLE INFO ABSTRACT

Article history:

Received 17 December 2009
Revised 17 May 2010
Accepted 8 June 2010
Available online 10 June 2010

Competition heavily influences the structure of island communities, particularly in species-rich areas. If
ecologically similar lineages come into contact following dispersal, selection may favor rapid evolution-
ary change; if constraints prevent such change, lineage extinction may result. One mechanism for reliev-
ing competition among newly sympatric species is the evolution of body size differences, such as through
character displacement or size assortment. The Crocodile skinks of the genus Tribolonotus exhibit a three-
fold variation in body size, and several species occur in sympatry. We use 2252 bp of DNA sequence data

i?; Vevsotrrisl:reconstruction spanning two mitochondrial (cyt b and ND2) and three nuclear (C-mos, Rhodopsin and Phosducin) gene
Lygosominae regions to reconstruct the phylogeny of Tribolonotus, use it to examine the biogeography of the genus, and
Papua New Guinea test for size assortment or character displacement. We find evidence that Tribolonotus originated on
Phylogeny either Greater Bougainville or in New Guinea, and subsequently colonized surrounding islands via multi-
Phylogeography ple colonization events. Our ancestral state reconstructions support multiple instances of parallel and
Reptilia independent change in body size within Tribolonotus. Additionally, we find no evidence for size assort-

ment and conflicting evidence for character displacement, which we argue suggests that character
displacement, combined with ecological differences between New Guinean species (T. gracilis and

T. novaeguineae), best explains the evolution of body size in the genus Tribolonotus.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Competition plays animportantrole in structuring island commu-
nities, and the role of ecological competition is amplified in species-
rich areas (Schoener, 1969, 1970; Losos, 1990; Losos et al., 1998).
The evolution of different body sizes by ecologically similar sympat-
ric taxa may reduce the degree of competitive interaction among spe-
cies. Two mechanisms hypothesized to explain differences in body
size among island populations are character displacement (sympat-
ric taxa evolve greater differences in morphological traits, e.g. body
size, relative to allopatric taxa to minimize competition for resources,
[Brown and Wilson, 1956; Losos, 1990; Giannasi et al., 2000]) and size
assortment (taxa are unable to successfully colonize anisland already
inhabited by a closely related species of similar size due to competi-
tive exclusion, whereas taxa of different sizes are able to successfully
colonize, [Diamond, 1977; Schoener, 1983; Losos, 1990; Brown,
1997; Giannasi et al., 2000; Mayr and Diamond, 2001]).

Crocodile skinks of the genus Tribolonotus are distributed
throughout northern New Guinea and the Admiralty, Bismarck
and Solomon Archipelagoes (Fig. 1). There are currently eight recog-
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nized species of Tribolonotus, a very unusual genus readily identified
by keeled or spinose scales and united by two enigmatic synapomor-
phies: abdominal glands and volar pores (Roux, 1934; Parker, 1940).
Atleast two species (T. gracilis and T. ponceleti) can vocalize (Hartde-
genetal.,2001; McCoy, 2006), a characteristic known only from one
other scincid lizard (Bauer et al., 2004). The systematic placement of
the genus among lygosomine skinks is unclear. Historically, Tribol-
onotus has been allied with the Sphenomorphus group (Greer,
1974); however, recent mtDNA data suggest it is not a member of
the Sphenomorphus group but likely has a closer affinity to the Eger-
nia group or the genus Mabuya (Reeder, 2003). Tribolonotus species
also exhibit a threefold variation in adult size, ranging from 40 mm
snout-vent-length (SVL, T. blanchardi) to 125 mm (T. ponceleti) and
includes a mix of sympatrically and allopatrically distributed spe-
cies. T. blanchardi (SVL = 40 mm), T. pseudoponceleti (SVL = 76 mm),
and T. ponceleti (SVL =125 mm) all occur sympatrically on Buka,
Bougainville, Choiseul and Isabel in the northern Solomon Islands
(McCoy, 2006); and T. gracilis (SVL = 103 mm) and T. novaeguineae
(SVL =103 mm) occur in broad sympatry in northern New Guinea.
The remaining species all have allopatric distributions: T. brongers-
mai (SVL= 64 mm) is endemic to Manus Island in the admirality
archipelago, T. annectens (SVL =49 mm) is known only from two
specimens from the Gazelle Peninsula on the northern portion of
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Fig. 1. Map showing current distribution of Tribolonotus in New Guinea and Northern Melanesia. Geographic areas are abbreviated as follows: Al, Admiralty Islands; Bo,
Bougainville; Bu, Buka; C, Choiseul; GG, New Georgia Group; Gu, Guadalcanal; I, Isabel; Ma, Malaita; Mk, Makira; NB, New Britain; NI, New Ireland; NG, New Guinea.

New Britain in the Bismarck Archipelago, and T. schmidtii (SVL =
41 mm) is endemic to Guadalcanal in the Solomon Islands (McCoy,
2006). This mix of sympatric and allopatric distributions within a
genus with large body size discrepancies makes this an ideal system
for testing the hypotheses of size assortment and character displace-
ment. The genus is not known from New Ireland in the Bismarck
Archipelago, or from several major island groups of the Solomon Is-
lands, including Malaita, Makira, and the New Georgia group (Fig. 1).
This is an unusual biogeographic distribution not mirrored in any
otherreptile from the region, and is unlikely to reflect a lack of search
effort, as these islands have all been surveyed by biodiversity assess-
ments targeting reptiles (Allison and Bigiale, 2001; McCoy, 2006).

Tectonically, Melanesia is extremely complex. Much of the region
comprises the remnants of the Outer Melanesian Island Arc, which
formed in part as an oceanic arc, as well as through rifting from the
Australian plate approximately 45 Mya, and accretion of the Ontong
Java plateau approximately 18 Mya (Hall, 1997, 2002; Petterson
et al.,, 1999; Mann and Taira, 2004). This Outer Melanesian Island Arc
has since been, in part, accreted onto the northward moving Australian
Tectonic Plate, and much of it currently forms the northern edge of
New Guinea, including the Huon Peninsula (Fig. 2; Allison, 1996; Hall,
1997, 2002; Tregoning et al., 1999; Abbott et al., 1994; Heads, 2002).

Here, we use mitochondrial and nuclear DNA sequences to con-
struct the first phylogeny of the genus Tribolonotus, and use it to
examine body size evolution in this genus using ancestral state
reconstructions (maximum likelihood, Schluter et al., 1997) and
to test the hypotheses of character displacement and size assort-
ment. We also use parametric methods to reconstruct the distribu-
tion of ancestral species (Dispersal-Extinction-Cladogenesis, DEC;
Ree et al., 2005; Ree and Smith, 2008) to elucidate the biogeo-
graphic history of the genus.

2. Materials and methods
2.1. Specimens and tissue samples

DNA was extracted from 41 individuals representing seven of
the eight recognized species of Tribolonotus (Appendix 1). No tissue

samples were available for T. annectens, which is known from only
two specimens from northern New Britain. Samples were stored in
70% ethanol prior to extraction. Tiliqua gigas was selected as the
outgroup taxon based on the hypothesized phylogenetic place-
ment of the genus (Reeder, 2003).

2.2. DNA isolation, amplification, and sequencing

Whole genomic DNA was extracted from either liver or muscle
tissue using an ammonium acetate salt extraction protocol (Fetzner,
1999) or a Qiagen DNeasy Tissue Kit (Qiagen, Inc. Valencia, CA) fol-
lowing manufacturer’s instructions. Tissues (~100-200 mg) were
digested overnight with 20 pl proteinase K, and extraction concen-
trations of DNA were stored in AE Buffer at —20 °C.

Two mitochondrial gene regions, including cytochrome oxidase b
(cyt b) and NADH subunit 2 (ND2), and three nuclear loci, including
oocyte maturation factor (C-mos), phosducin (Phos) and rhodopsin
(Rhod), were selected for sequencing based on the utility of these loci
in related groups (Saint et al., 1998, 2001; Phillips et al., 2004; Bauer
et al., 2007). Primer sequences used in this study and references are
availablein Table 1. Target gene regions were amplified by PCR on an
M] PTC-200 thermocycler (annealing temperatures available in Ta-
ble 1) using previously published protocols (Austin et al., 2010).
Amplified PCR products were purified with 5 U Exonuclease I and
1.25 U Antarctic Phosphatase (New England Biolabs, Ipswich, MA)
by incubationat 37 °Cfor25 minand 15 minat 80 °C, and sequenced
in both directions via previously published protocols (Austin et al.,
2010) using an ABI 3100 automated capillary sequencer.

2.3. Contig assembly and alignment

Sequences were visually verified to check for double-called
bases or other misreads and complementary strands were aligned
into contigs using Sequencher v4.7 (Gene Codes Corp., Ann Arbor,
MI, USA). Sequence contigs were then aligned using ClustalX2
(Larkin et al., 2007) under default settings (Gap opening pen-
alty = 15, Gap extension penalty = 6.66). All protein-coding regions
were translated to amino acid sequences using Mesquite v2.6
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Fig. 2. Map showing the tectonic history of New Guinea and Northern Melanesia, adapted from Hall (2002). (A) Thirty million years ago (Mya); (B) 10 Mya; (C) 5 Mya;
(D) present. Dark grey indicates subaerial land, light grey indicates shallow seas that were intermittently subaerial during periods of low seal level, and white indicates deep
seas. Geographic areas are abbreviated as follows: Al, Admiralty Islands; AU, Australia; H, Halmahera; P, Philippines; NB, New Britain; NNB, Northern New Britain; NI, New
Ireland; NG, New Guinea; NNG, Northern New Guinea; SI, Solomon Islands (including Bougainville, Buka, Choiseul, Guadalcanal, Isabel, New Georgia group, Malaita, and

Makira).

Table 1

Primers and annealing temperatures used in this study. Rho3CRF was paired with either Rho4CRR or RhodR2.
Primer Gene Primer Sequence Temp. (°C) Reference
H15149 cytb 5'-AAA CTG CAG CCC CTC AGA ATG ATA AA-3’ 44 Kocher et al. (1989)
114841 cytb 5-AAA AAG CTT CCA TCC AAC ATC TCA GC-3' 44 Kocher et al. (1989)
L305 ND2 5'-CAC TGA CTT CTT GCC TGA WTY GG-3' 48 Smith et al. (2001)
H715 ND2 5'-GCT GTY TGT GTY TGG TTT ADK CC-3’ 48 Smith et al. (2001)
G73 C-mos 5-GCG GTA AAG CAG GTG AAG AAA-3' 48 Saint et al. (1998)
G74 C-mos 5-TGA GCA TCC AAA GTC TCC AAT C-3' 48 Saint et al. (1998)
PhoF2 Phos 5'-AGA TGA GCA TGC AGG AGT ATG A-3' 60 Bauer et al. (2007)
PhoR1 Phos 5'-TCC ACA TCC ACA GCA AAA AAC TCC T-3’ 60 Bauer et al. (2007)
Rho3CRF Rhod 5'-CCT TGC CTG GAC ACC CTA TGC TG-3’ 60 Phillips et al. (2004)
Rho4CRR Rhod 5'-CTC TGG AAT AAA GGA GAG GGT CTC T-3' 60 Phillips et al. (2004)
RhodR2 Rhod 5'-ACC TCA GTC TTG CTC TGG GA-3' 60 This study

(Maddison and Maddison, 2009) to verify that no premature stop
codons disrupted the reading frame.

2.4. Phylogenetic analysis

The phylogeny of Tribolonotus was estimated using maximum
parsimony, maximum likelihood and Bayesian inference. Maxi-
mum parsimony analyses were conducted in PAUPx ver. 4.0b10
(Swofford, 2003) using the PAUPup interface (Calendini and
Martin, 2005). The heuristic search option with 5000 random step-
wise additions and tree bisection-reconstruction (TBR) was imple-
mented to identify the most parsimonious topology. Branch
support was assessed using 1000 bootstrap replicates, each con-
ducted using a full heuristic search with 25 random stepwise addi-
tions and TBR. For maximum likelihood and Bayesian analyses, a
variety of partitioning schemes, including partitioning by genome
(mitochondrial versus nuclear), locus, and codon position, were
tested and the optimal partitioning scheme was selected by com-
paring the likelihoods of the resulting topologies using the Akaike
information criterion (AIC, Akaike, 1974). The optimal models of
nucleotide substitution were selected using the corrected AIC
(Akaike, 1974; Hurvich and Tsai, 1989) in Mr.ModelTest ver. 2.2

(Nylander, 2004). Maximum likelihood analyses were imple-
mented in using RAXML ver. 7.0.4 (Stamatakis, 2006). Because RAx-
ML is only capable of implementing the general time reversible
model, all partitions were assigned this model of nucleotide substi-
tution with a gamma distribution of among site rate variation
(GTR+G). Despite applying the same model to all partitions, model
parameters, including nucleotide state frequencies, substitution
rates, and the gamma shape parameter, are allowed to vary among
partitions, thus the optimal partitioning scheme, selected using the
AIC as described above, significantly improves the likelihood of the
phylogeny estimation. Maximum likelihood support for the opti-
mal partitioning scheme was estimated using 1000 bootstrap rep-
licates in RAXML. The partitioned Bayesian inference analysis was
implemented in Mr.Bayes v3.1.2 (Huelsenbeck and Ronquist,
2001; Ronquist and Huelsenbeck, 2003). For all models, the prior
nucleotide state frequencies, transition/transversion ratio, and
substitution rate priors were set as flat Dirichlet distributions,
and the proportion of invariable sites was set as a uniform (0.0-
1.0) prior distribution. Rate priors were set to variable to allow
the nucleotide substitution rates to vary among partitions. Analy-
ses consisted of two runs, each of four chains with default heating
and sampling every 1000 generations for 20,000,000 generations.
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We discarded the first 5000 topologies (25% of the sampled topol-
ogies) as burn-in, and verified convergence using the program Tra-
cer vl.4 (Rambaut and Drummond, 2007) by examining the
posterior probability, log likelihood, and all model parameters for
stationarity and by examining the effective sample sizes (ESSs),
all of which were substantially greater than 200 at run completion.
We also used Are We There Yet (AWTY, Nylander et al., 2008) to
compare the posterior probabilities of all splits between runs to
further verify convergence. At run completion, the plot comparing
posterior probabilities of splits between runs was linear, indicating
that the two runs had converged and were sampling the posterior
distribution.

Several subsequent analyses, including DEC and ancestral state
reconstructions (see below), require a fully resolved, bifurcating
phylogeny, therefore polytomies in the reconstructed phylogeny
(which all occurred among samples within species) were randomly
resolved in Mesquite ver. 2.6 (Maddison and Maddison, 2009), as
very short branch lengths (1.0 x 10~'2, much shorter than any re-
solved branches in the phylogeny). All analyses requiring a fully re-
solved phylogeny incorporate branch lengths into calculations,
that is, probability of changes along branches are proportional to
branch lengths. Therefore reconstructed changes along very short
branch lengths (e.g. 1.0 x 10~'?) are extremely unlikely, thus these
very short branch lengths are effectively equivalent to zero length
branches, and a single randomly resolved phylogeny was used for
all subsequent analyses.

2.5. Biogeographic reconstruction

For reconstructions of ancestral distributions, the region was di-
vided into five areas based on current species distribution: Guadal-
canal (inhabited by T. schmidti), Greater Bougainville (Buka,
Bougainville, Shortland Islands, Choiseul and Isabel, inhabited by
T. blanchardi, T. ponceleti, and T. pseudoponceleti), the Bismarck
Archipelago (inhabited by T. annectens), Admiralty Archipelago
(T. brongersmai) and northern New Guinea (T. gracilis and T. novae-
guineae). Two methods were employed to reconstruct the biogeo-
graphic history of the genus. The first, maximum likelihood
ancestral state reconstruction (Schluter et al., 1997; Wiens et al.,
2009) was implemented in Mesquite ver. 2.6 (Maddison and
Maddison, 2009). Because the ancestral state reconstruction only
allows for single character states, we used a second method, Dis-
persal-Extinction-Cladogenesis (DEC; Ree et al., 2005; Ree and
Smith, 2008), a parametric likelihood-based approach to recon-
struct ancestral distributions on our phylogeny. DEC estimates
the most likely geographic distribution of the two daughter lin-
eages following a speciation event, thus whereas the first ancestral
state reconstruction method estimates the actual state at the node,
DEC estimates the states of the branches emanating from a given
node. DEC analyses were implemented using the software package
Lagrange in Python v.2.5.4. Two DEC analyses were run, first with-
out constraints, and the second with two constraints: (1) limited
dispersal to adjacent areas, allowing dispersal between Guadalca-
nal and Greater Bougainville, Greater Bougainville and Bismarck
Archipelago, and among the Bismarck Archipelago, Admiralty
Archipelago, and New Guinea (Fig. 1), and (2) limited distribution
of ancestral species to single regions or adjacent areas. These
regions are arranged relatively linearly, and the positions of the re-
gions relative to each other have remained similar for at least the
past 30 million years (Fig. 2; Hall, 2001, 2002). Thus while individ-
uals may occasionally disperse among regions, such as through
rafting on vegetation mats, dispersal among non-adjacent regions
seems unlikely, suggesting that these dispersal constraints seem
reasonable. Additionally, because dispersal is expected to be lim-
ited among island groups in this region, dispersal events are likely
associated with speciation events, thus the second constraint also

seems reasonable. DEC requires a fully resolved, bifurcating
phylogeny, therefore, these analyses were conducted using the
resolved topology as described above.

2.6. Body size reconstruction, character displacement, and size
assortment

Maximum recorded snout-vent length (SVL, from the tip of the
snout to the cloaca) was used to estimate body size. Reported val-
ues were taken from the literature, and supplemented with our
own measurements; maximum SVLs for each species, as well as
references and sample sizes are presented in Table 2. Weighted
squared-change parsimony (Maddison, 1991) are computationally
equivalent to maximum likelihood-based methods (Schluter et al.,
1997; Martins, 1999), therefore we implement maximum likeli-
hood and generalized least squares (GLS, Martins and Hansen,
1997) to estimate ancestral body sizes. Maximum likelihood recon-
structions were implemented using ANCML (Schluter et al., 1997);
GLS was implemented in Compare v. 4.6b (Martins, 2004). Both
these analyses require a fully resolved, bifurcating phylogeny,
therefore the resolved topology (described above) was used.

To test for character displacement of body size, we calculated
the estimated change in body size over nodes with daughter taxa
predicted to occur sympatrically, and compared it to the estimated
change over nodes predicted to occur allopatrically. We used a
one-tailed t-test to examine if the change in body size was signif-
icantly greater between sympatric daughter taxa than between
allopatric daughter taxa (Giannasi et al., 2000).

If size assortment is responsible for the observed body size dis-
tribution of Tribolonotus, we would predict that the minimum evo-
lution phenogram based on body size would not be significantly
worse than the reconstructed phylogeny. We used Mesquite ver.
2.6 (Maddison and Maddison, 2009) to create a single-linkage clus-
ter topology of Tribolonotus based on body size, and using PAUPx
ver. 4.0b10 (Swofford, 2003) and the PAUPup interface (Calendini
and Martin, 2005) calculated the likelihood of the sequence data
on this constrained phenogram and compared it to the maximum
likelihood tree to determine if these topologies were not signifi-
cantly different. We also tested this on the maximum parsimony
tree by calculating the length of the sequence data on this con-
strained topology and compared it to that of the maximum parsi-
mony tree.

To further test the hypotheses of size assortment and character
displacement in a phylogenetic context, we used Pagel’s 4 (Pagel,

Table 2

Comparison of maximum snout-vent length (SVL) for the eight species of Tribolonotus.
All values are in millimeters, and the number of individuals measured is presented in
parentheses below each value.

Species Maximum Reference
SVL

Tribolonotus annectens 49 Zweifel (1966)
(n=1)

Tribolonotus blanchardi 40 Zweifel (1966), this study
(n=7)

Tribolonotus brongersmai 64 Cogger (1972), this study
(n=6)

Tribolonotus gracilis 103 This study
(n=43)

Tribolonotus novaeguineae 103 Klein et al. (2005), this study
(n=4)

Tribolonotus ponceleti 125 Greer and Parker (1968)
(n=3)

Tribolonotus 76 Greer and Parker (1968),

pseudoponceleti this study

(n=633)

Tribolonotus schmidti 41 Zweifel (1966)
(n=35)
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1999; Freckleton et al., 2002) and Blomberg et al.’s phylogenetic
signal statistic, K (Blomberg et al., 2003). Pagel’s 2 multiplies the
internal branches in the phylogeny by the / parameter; maximum
likelihood is used to estimate the value of the 4 scaling parameter
that best fits the character given the topology. If the maximum
likelihood value of 1 is not significantly different from zero, this
indicates that the evolution of the character is concentrated at
the tips of the phylogeny, which, in this case, may be interpreted
as support for character displacement due to the lack of phyloge-
netic signal. If the maximum likelihood value of 1 is significantly
greater than zero, this indicates the presence of phylogenetic signal
in the data, which may be interpreted as evidence of size assort-
ment. Pagel’s 4 was implemented using the ape package (Paradis
et al., 2004) in R v 2.10.1; the maximum likelihood value of A for
body size was estimated and compared to the likelihood of the
data given a / of zero using a likelihood ratio test.

Blomberg et al.’s K is the ratio of the observed mean squared er-
ror (MSE) of the data and the tree divided by the observed MSE of
the data and the MSE of the data and the tree divided by the MSE of
the data estimated under a model of Brownian motion (Blomberg
et al.,, 2003). Thus Blomberg et al.’s K takes on values from 0 to
oo, where values less than 1 indicates closely related species are
less similar than expected under Brownian motion, as may be ex-
pected under the hypothesis of character displacement. Values of K
greater than 1 indicate related species are more similar than ex-
pected under Brownian motion, as may be expected under the
hypothesis of size assortment. To test for significance of phyloge-
netic signal in the data, a randomization test was used where the
character data is randomly permuted on the tree, and the variance
of phylogenetically independent contrasts is calculated for each of
these random permutations to create a null distribution. The ob-
served variance of phylogenetically independent contrasts was
then compared to this null distribution using a one-tailed t-test
(Blomberg et al., 2003). A significant difference under this random-
ization test would be indicative of phylogenetic signal in the data,
in this case evidence of size assortment, whereas a lack of signifi-
cance would indicate the data is no different from random, and
thus a lack of phylogenetic signal, in this case evidence of character
displacement. Blomberg et al.’s K and the randomization test for
phylogenetic signal were implemented in the Picante package
(Kembel et al., 2010) in R v. 2.10.1, with 1000 random permuta-
tions of the data for the randomization test.

3. Results
3.1. Phylogenetic analyses

The final aligned dataset was a total of 2252 bp; lengths of each
partition, numbers of variable sites, and models of nucleotide sub-
stitution (selected using the AIC) are provided in Table 3. In both
maximum likelihood and Bayesian inference, a scheme of seven
partitions was selected as optimal using the AIC: mitochondrial
1st, 2nd, and 3rd codon positions, c-mos, phosducin, rhodopsin
exon 4, and rhodopsin intron 4. Tracer plots of all parameters, pos-
terior probabilities, and likelihood were stationary at similar val-
ues after the burn-in period for both Bayesian inference analyses,
and all ESSs were substantially greater than 200 at run completion.
Additionally, AWTY plots comparing the posterior probabilities of
all splits were linear, indicating that Bayesian inference analyses
had reached convergence. The phylogenetic reconstruction
(Fig. 3) indicates that the genus is split into three main clades:
(1) T. blanchardi, (2) a Melanesian islands clade (T. brongersmai, T.
ponceleti, T. pseudoponceleti, and T. schmidti), and (3) a New Guinea
clade (T. gracilis and T. novaeguineae). These three clades appear to
have diverged rapidly from each other, resulting in a short inter-
node that is difficult to resolve and is poorly supported (Bayesian

Table 3

Lengths and number of variable sites for each partition in the optimal partitioning
scheme. For mitochondrial loci, the total partition length is given, followed by length
in cyt b and ND2, respectively, in parentheses.

Partition Length No. Variable Sites Model
mt pos. 1 274 (126 + 148) 53 (19 +34) GTR+G
mt pos. 2 275 (127 +148) 18 (4+14) GTR+I
mt pos. 3 274 (126 + 148) 177 (78 +99) GTR++G
C-mos 417 22 HKY+I
Phos 441 14 K80
Rhod exon 152 2 JC

Rhod intron 419 38 HKY

posterior probability =0.94, maximum likelihood bootstrap sup-
port = 53). The monophyly of each species is strongly supported
and all other species-level relationships are well resolved and
strongly supported (Bayesian posterior probability >0.98, maxi-
mum likelihood bootstrap support >75).

3.2. Biogeography

Biogeographic reconstructions using maximum likelihood state
reconstructions (Fig. 4) and DEC (Table 4) produced similar results.
Several nodes had multiple probable distributions possible (proba-
bility >0.1); most ambiguous nodes had high probability of occur-
rence in New Guinea or Greater Bougainville, as may be expected
due to the higher diversity in Greater Bougainville and the basal
placement of the New Guinean species of Tribolonotus. The maxi-
mum likelihood reconstructions estimated the most basal node
as most likely occurring in Greater Bougainville (p = 0.514), New
Guinea (p = 0.292) or Guadalcanal (0.123). The DEC analyses recon-
structed the most basal node as most likely a split between the Bis-
marcks and Greater Bougainville (p=0.4371), between New
Guinea and the Bismarcks (p=0.1616) or Bismarcks and Bis-
marcks + Greater Bougainville (p = 0.1381). Both analyses suggest
the geographic origin of Tribolonotus was most likely in either
New Guinea or Greater Bougainville.

3.3. Body size reconstructions, character displacement, and size
assortment

Results of the ancestral state reconstructions of body size (Table
5), estimate that the two smallest species, T. blanchardi and T.
schmidti, which are similar in maximum SVL (40 and 41 mm,
respectively) experienced an independent and parallel decrease
in body size. Similarly, the largest lineages, T. ponceleti and the
clade of T. gracilis + T. novaeguineae, experienced an independent
and parallel increase in body size.

The phylogenetic test for character displacement found no sig-
nificant difference in the change in body size between sympatric
(25.47 £25.56 mm) and allopatric (29.11 £+4.50 mm) sister
branches (p = 0.587). The similarity in size between the sympatric
New Guinean species (T. gracilis and T. novaeguineae) may skew the
estimate for sympatric body size change down, however, excluding
the New Guinea species, the difference in body size between
sympatric (38.20+15.27 mm) and allopatric (29.11 +4.50 mm)
species is still not significant (p = 0.787). The test for size assort-
ment found the body size similarity phenogram was significantly
worse than either the maximum likelihood (—InL=7301.831
versus 8235.548) or the maximum parsimony (791 versus 1094
steps) topologies, indicating that size assortment is not the pri-
mary cause of body size evolution in Tribolonotus. The maximum
likelihood estimation of Pagel’s 4 found the most likely value of A
for the data to be 1.0 x 10~7; using the likelihood ratio test, this
was not significantly different from 4=0 (P=0.997), which sup-
ports the hypothesis of character displacement. Blomberg et al.’s
K was 0.6592, indicating species are less similar then expected un-
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Fig. 3. Phylogeny of Tribolonotus based on partitioned maximum likelihood analysis of 2252 bp of cyt b, ND2, C-mos, Phosducin and Rhodopsin. Numbers above nodes
represent posterior probabilities from Bayesian analyses followed by maximum likelihood bootstrap support from 1000 replicates.

der a Brownian motion model, which further supports character
displacement. The randomization test also indicated that body size
was not significantly different from random (P = 0.267), indicating
a lack of phylogenetic signal in the body size data, as expected un-
der the hypothesis of character displacement.

4. Discussion
4.1. Biogeography

Biogeographic reconstructions suggest that Tribolonotus radi-
ated primarily on Greater Bougainville. The geographic region of
origin for the genus is uncertain; however, the origin is likely either
New Guinea, which would involve a single colonization event of
Greater Bougainville from New Guinea, or on Greater Bougainville,
which would involve a single basal colonization event of New
Guinea. In either scenario, T. brongersmai, which is endemic to

the Admiralty Archipelago originated via colonization from Greater
Bougainville, rather than New Guinea as current geographic prox-
imity would suggest. Similarly T. schmidti, which is endemic to
Guadalcanal, was found to have originated via a single colonization
event from Greater Bougainville. It is clear, however, that the bio-
geography of Tribolonotus is not explained by a simple stepping
stone model either eastward from New Guinea to the Admiralty
Archipelago to the Bismarcks to the Solomons, or westward in
the opposite direction, but rather involves more complexities of
both eastward and westward dispersal events.

We were unable to obtain samples of Tribolonotus annectans,
a species endemic to New Britain and known only from two
specimens, and thus the phylogenetic placement of this species is
unclear. However, based on these biogeographic reconstructions, it
is possible to predict that T. annectans represents the sister species
to T. brongersmai, and the two species originated via dispersal to
New Britain from Greater Bougainville and subsequent coloniza-
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Fig. 4. Maximum Likelihood reconstructions of ancestral distributions. Colors correspond to distributions as follows: White, New Guinea; Light Grey, Admiralty Islands; Dark

Grey, Greater Bougainville; Black, Guadalcanal.

Table 4

Results of DEC reconstructions of ancestral distributions. Distri-
butions with probabilities above 0.1 shown. Node numbers
correspond to those on Fig. 3. For distributions, values on left
correspond to the left branches of Fig. 3, values on the right
correspond to the right branches. Ancestral distributions abbre-
viated as: New Guinea (N), Admiralty Islands (A), Bismarck Islands
(Bi), Greater Bougainville (Bo), and Guadalcanal (G).

Node Distribution Probability
1 [Bi|Bo] 0.437
[N|Bi] 0.162
[Bi|BiBo] 0.138
2 [NIN] 0.744
[NINB] 0.118
[NBi|N] 0.102
3 [Bo|Bo] 0.558
[BiBo|Bo] 0.173
4 [Bo|G] 0.391
[BiBo|Bo] 0.287
[Bo|Bo] 0.193
5 [Bi|Bo] 0.518
[Bo|Bo] 0312
6 [Bo|Bo] 0.962

Table 5
Results of body size reconstructions. Node numbers correspond to those on Fig. 3. All
values for reconstruction estimates and standard error (SE) are in millimeters.

Node ML estimate GLS estimate GLS SE
1 73.03 73.03 14.67
2 96.44 96.44 10.00
3 67.11 67.11 8.73
4 67.40 67.40 10.06
5 74.53 74.53 10.57
6 88.49 88.49 7.89

tion of the Admiralty Archipelago from New Britain. The overall
morphological similarity of T. annectens and T. brongersmai would
support this hypothesis (Zweifel, 1966; Cogger, 1972).

4.2. Body size evolution

We find no significant evidence for size assortment in Tribolon-
otus, as evidenced by the significantly worse fit of the body size
phenogram to the molecular data and the lack of evidence for phy-
logenetic signal in the body size data using Pagel’s /. or Blomberg
et al.’s K. Additionally, we found evidence for parallel and indepen-
dent change in body size in several taxa on different islands, which
is consistent with character displacement but not with size assort-
ment. These data suggest that character displacement may be
responsible for body size evolution in this genus. However, we
found no significant evidence for character displacement in our
tests comparing differences in body size between allopatric and
sympatric taxa, although there is a non-significant trend for greater
body size difference between allopatric species when excluding the
New Guinea species (T. gracilis and T. novaeguineae). Several mech-
anisms may explain this apparently contradictory evidence for
character displacement. In the test for character displacement by
comparing body size differences between allopatric and sympatric
species, there may be a lack of statistical power resulting from the
small number of species in the genus. The trend of greater body
size differences between sympatric species when excluding the
New Guinea species supports that lack of statistical power may ex-
plain this apparently contradictory evidence. Ecological difference
may also explain the conflicting evidence for character displace-
ment. Sympatric species of Tribolonotus may occur in different
microhabitats, resulting in minimal interspecific competition
within the genus, thus body size differences may be unrelated to
relieving competition. This may be the case in the New Guinea
species, T. gracilis and T. novaeguineae, as these species are broadly
sympatric and exhibit little difference in body size. However as lit-
tle in known of the ecology of the genus, it is difficult to determine
the importance of ecological differences. Thirdly, only Tribolonotus
were included in the tests for character displacement and size
assortment, therefore if competition with species in other genera
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not included in the analyses is driving evolution of body size in Tri-
bolonotus by either size assortment or character displacement, this
could result in the observed absence of statistical significance. Fi-
nally, competition with extinct or undiscovered congeneric species
may have driven the evolution of body size in Tribolonotus. New
Guinea and the Solomon Islands are thought to harbor a large num-
ber of undiscovered species (Allison, 1996; McCoy, 2006), thus com-
petition with unknown or now extinct species may have played an
important role in the evolution of body size in Tribolonotus. As these
unknown species were not included in the analyses, this could re-
sult in a bias in the estimates of body size differences between sym-
patric and allopatric species, and thus the lack of significant
evidence for character displacement. The evidence for parallel and
independent evolution of body size despite the relatively small
number of species in the genus suggests that the assumptions of size
assortment would not be met even if a number of species were ex-
cluded from analyses, as unsampled species would not explain this
pattern, thus regardless of the explanation for the contradictory evi-
dence for character displacement, this hypothesis seems more likely
than size assortment. Further investigation into the ecology of Tri-
bolonotus and sympatric species may help elucidate the important
competitors for each species of Tribolonotus, and thus help deter-
mine which of these mechanisms is most likely. It should be noted
that these hypotheses are not necessarily mutually exclusive. Char-
acter displacement, combined with ecological differences between
T. gracilis and T. novaeguineae, may best explain the lack of body size
difference between the sympatrically distributed T. gracilis and
T. novaeguineae in New Guinea and the trend for greater body size
difference between sympatric species when excluding these New
Guinean species. The lack of significance in the body size differences
despite character displacement may be best explained by a lack of
statistical power and/or competition with unsampled species (due
to extinction or undiscovered species). Thus a combination of char-
acter displacement and ecological differences between T. gracilis
and T. novaeguineae may be the best explanation for the observed
patterns of body size evolution in Tribolonotus.

4.3. Taxonomic implications

Previous studies have suggested that T. gracilis may represent a
junior synonym of T. novaeguineae, as several of the distinguishing
characters of these species have been shown to be invalid in larger
sample sizes (Zweifel, 1966; Cogger, 1972). However we find these
taxa to be reciprocally monophyletic with strong support and dee-
ply divergent, indicating that they do in fact represent distinct spe-
cies. Additionally, we find reciprocally monophyletic divergence
between the Bougainville and Buka populations of T. pseudoponce-
leti and we are currently in the process of investigating the mor-
phological variation of these two populations to determine if
they may represent distinct species.
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Appendix 1

Sampling localities and GenBank accession numbers for all included samples. ‘PNG’ refers to Papua New Guinea.

GenBank accession numbers

Longitude
cytb

Latitude

Locality

Catalogue number

Species

C-mos Phos Rhod

ND2

Ingroups

HM229492 HM229448 HM229536 HM229580 HM229624

155°2.410' E

5°56.411'S

PNG: Bougainville

LSUMZ 93490

Tribolonotus

blanchardi
T. blanchardi

HM229537 HM229581 HM?229625

HM229449
HM229442
HM229443

HM229493
HM229486

155°2.410' E
147° 06.33' E
147° 06.33' E
147° 06.33' E
145° 58’ E

5°56.411'S
2°05.76’ S

PNG: Bougainville
PNG: Manus Is.

LSUMZ 93491

HM229574 HM229618

HM229575

HM229530
HM229531

LSUMZ 93485

T. brongersmai
T. brongersmai
T. brongersmai

T. gracilis

HM229619

HM229487
HM229488
HM229518

2°05.76’ S

PNG: Manus Is.

LSUMZ 93486

HM229620
HM229650

HM229576
HM229606

HM229444 HM229532

2°05.76’ S
4°39'S

PNG: Manus Is.

LSUMZ 93487

HM229474 HM229562

PNG: Madang:
Kar Kar Is.

CCA PNGNM A

HM229475 HM229563 HM229607 HM229651

145° 58 E HM229519

4°39'S

PNG: Madang:
Kar Kar Is.

CCA PNGNM B

T. gracilis

HM229441 HM229529 HM229573 HM229617

PNG: Madang: 5°09.36’ S 145° 46.57' E HM229485
Kau

LSUMZ 93489

T. gracilis

HM229462 HM229550 HM229594 HM229638
HM229551

HM229463

3°23.765'S 141° 34974 E HM229506
HM229507

3°23.765' S
3°23.765' S

PNG: Sandaun: Utai Village

LSUMZ 92490

T. gracilis
T. gracilis
T. gracilis

HM229639
HM229640

HM229595

141° 34.974' E

PNG: Sandaun: Utai Village

LSUMZ 92491

HM229596

HM229464 HM229552

HM229508

141° 34.974' E

PNG: Sandaun: Utai Village

LSUMZ 92492
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