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Abstract
Understanding how the complex geotectonic and climatic history of the Australo-Papuan region has promoted the ecological and
evolutionary diversification of its avifauna remains a challenge. Outstanding questions relate to the nature and timing of
biogeographical connections between Australia and the emerging island of NewGuinea and the mechanisms bywhich distinctive
altitudinal replacement sequences have evolved amongst congeneric species in montane New Guinea. Here, we combine
analyses of phylogenetic and eco-morphological data to investigate ecological and evolutionary patterns of diversification in
the largely mesic-adapted Australo-Papuan scrubwrens (Sericornis) and mouse-warblers (Crateroscelis). We find evidence of
ecological convergence and present a revised taxonomic and systematic treatment of the subfamily integrating information from
new (ND2) and existing molecular phylogenetic reconstructions. Biogeographical connections indicate at least three phases of
faunal interchange between Australia and NewGuinea commencing in the mid to late Miocene.We also find little support for the
proposed time dependency of ecological sorting mechanisms linked to divergence in foraging niche amongst altitudinal replace-
ments. Instead, physiological adaptations to hypoxia and increased thermal efficiency at higher altitudes may better account for
observed patterns of diversification in montane New Guinea. Indirect support for this hypothesis is derived frommolecular clock
calibrations that indicate a pulse of diversification across the Miocene-Pliocene boundary coincident with a phase of rapid
mountain uplift. Simple ecological and climatic models appear inadequate for explaining observed patterns and mechanisms
of diversification in the New Guinean montane avifauna. Further insights will require multidisciplinary research integrating
geotectonic, palaeoclimatic, genetic, ecological and physiological approaches.
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Introduction

The Australo-Papuan region has a complex geotectonic and
climatic history that has contributed to the development of the
distinctive faunal assemblages that occur in this region (Kreft
and Jetz 2010; Procheş and Ramdhani 2012). Tropical New
Guinea has been largely shaped by ongoing geotectonic activity
that commenced in the Oligocene and included periods of vol-
canism, rapid orogeny and terrain accretion (Hall 2002;
Baldwin et al. 2012). Today, the island is dominated by the
towering Central Range which forms an east-west spine that
exceeds 3000 m a.s.l for much of its length. Typical of moun-
tainous regions, the ecosystems of the Central Range are struc-
tured by altitude; forests on lowland plains with a mostly wet
seasonal climate are replaced by ever-wet lower and upper
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montane rainforests with increasing altitude (Paijmans 1976).
At the highest altitudes (3000–3500 m and above), rainforests
are replaced by alpine grasslands with receding glaciers occur-
ring on some of the highest peaks. Because much of the Central
Range is geologically recent (Cloos et al. 2005; Baldwin et al.
2012), this region provides a natural laboratory for studying the
evolution of montane species and communities.

For birds, altitudinal or montane speciation has been pro-
posed as the main driver of diversification in New Guinea as
species often replace each other along altitudinal gradients
(Diamond 1972, 1973; Schodde and Hitchcock 1972). Early
speciation models proposed a vicariant mechanism for the
origin of altitudinal replacements initiated by localised extinc-
tion (‘drop-out’ model; Diamond 1972, 1973) or the cyclic
isolation of populations on outlying ranges in response to
Plio-Pleistocene climate fluctuations (‘over-under slip’ or
palaeoclimatic model; Schodde and Hitchcock 1972). Both
models predict a relationship between ecological similarity
and time since divergence (Table 1). Interspecific competition
is expected to maintain sharp altitudinal transitions between
recently evolved, ecologically similar species, whereas diffuse
transition zones are expected in taxa that have evolved addi-
tional ecological sorting mechanisms over time (Diamond
1973). As an extension of this model, broadly overlapping
distributions (sympatry) are likely to occur only amongst the
most divergent congeners (Norman et al. 2007). Others sug-
gest that ecological speciation, resulting from selection along
elevational gradients, can lead to the formation of altitudinal
replacements in the absence of vicariance (Schneider et al.
1999; Moritz et al. 2000; Smith et al. 2001). Empirical studies
provide evidence for both mechanisms operating in montane
faunas (Bears et al. 2009; Fuchs et al. 2011; Dubay and Witt
2014; Funk et al. 2016) but there have been few explicit tests
of altitudinal speciation in the New Guinean avifauna
(Christidis et al. 1988; Norman et al. 2007).

Due to low topographic relief, altitudinal speciation is not
considered a mode of speciation in the Australian avifauna
(Christidis and Norman 2010). For this region, the prevailing
model is of allopatric speciation with dry habitat barriers hav-
ing played a prominent role in promoting diversification with-
in the eastern Australian mesic forest and temperate
sclerophyllous ecosystems (Joseph and Moritz 1993;
Schäuble and Moritz 2001; Chapple et al. 2011; Norman

et al. 2014). At the continental scale, speciation commonly
occurs between major biomes or across ecological boundaries,
and where congeneric species occur in sympatry, they tend to
be phylogenetically distinct (Christidis and Norman 2010). As
with the New Guinean avifauna, this suggests time dependen-
cy of ecological sorting mechanisms and community assem-
bly, but this hypothesis remains to be tested in a rigorous
comparative phylogenetic framework.

Here, we use a time-calibrated mitochondrial phylogeny in
conjunction with eco-morphological data to investigate the
mode and tempo of diversification in the Australo-Papuan
scrubwrens (Sericornis) and New Guinean mouse-warblers
(Crateroscelis): small insectivorous birds in the subfamily
Sericornithinae (family Acanthizidae). Sericornis comprises
11–13 species which have diversified almost exclusively
within mesic forest and montane environments of Australia
and New Guinea (Coates 1990; Higgins and Peter 2002;
Beehler and Pratt 2016) (Fig. 1). Only one lineage, the
white-browed group (Sericornis frontalis Vigors and
Horsfield 1827) from Australia, is distributed across an array
of habitats ranging from tropical rainforest to dry mallee
woodlands and heath (Schodde and Mason 1999; Higgins
and Peter 2002). The preference of Sericornis for mesic forest
ecosystems provides an opportunity to examine the extent to
which habitat preference may have influenced the number and
timing of biogeographical connections between Australia and
New Guinea. The closely allied genus Crateroscelis has also
diversified within the montane rainforests of New Guinea, but
is absent from Australia (Fig. 1). Within New Guinea, species
from both genera occur as altitudinal replacements with sharp
transitions, a pattern attributed to recent speciation with limit-
ed ecological divergence (Diamond 1972, 1973). Within
Crateroscelis, the rusty mouse-warbler (Crateroscelis
murina Sclater 1858) occurs from the lowlands up to
1700 m where it is replaced by the mountain mouse-warbler
(Crateroscelis robusta De Vis 1898) which ranges locally
from 1250 to 3680 m (Coates 1990). At some locations, this
pattern of replacement is disrupted by the presence of the
patchily distributed bicoloured mouse-warbler (Crateroscelis
nigrorufa Salvadori 1894) which occurs in a narrow band
between 1220 and 2500m giving rise to a three-taxon replace-
ment sequence (Diamond 1972, 1973). Sericornis is reported
to occur as a four-taxon sequence with Sericornis spilodera

Table 1 Predictive correlations between phylogenetic relatedness, time since speciation and ecological characteristics for altitudinal replacements in
montane New Guinea. Based on information presented in Diamond (1972, 1973, 1986), Schodde and Hitchcock (1972) and Christidis et al. (1988)

Time since
speciation

Epoch Ecological niche Adaptive morphological
divergence

Altitudinal transition

Shorter Pleistocene Similar foraging substrate and
forest strata

Similar body mass and/or
functional proportions

Abrupt

Longer Late Miocene-Pliocene Divergent foraging substrate
and/or forest strata

Divergent body mass and/or
functional proportions

Diffuse to extensively
overlapping
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(Gray 1859), Sericornis arfakianus (Salvadori 1876),
Sericornis perspicillatus (Salvadori 1896) and Sericornis
papuensis (De Vis 1894) occupying mutually exclusive
elevational ranges. As Sericornis beccarii (Salvadori 1874)
and Sericornis nouhuysi (van Oort 1909) have elevational
ranges that overlap those of one or more congeners in the
sequence they are predicted to be more divergent, both eco-
logically and phylogenetically.

Despite the central importance of the Sericornithinae in
the development of regional models of avian speciation, the
causal mechanisms and inferred evolutionary patterns re-
main largely untested. Discordant phylogenetic reconstruc-
tions (Christidis et al. 1988; Gardner et al. 2010; Marki et al.
2017), incomplete taxon coverage and uncertainty
concerning the affinities of the yellow-throated scrubwren
(Sericornis citreogularis Gould 1838) and monophyly of
Sericornis (Gardner et al. 2010), have hindered progress.

To this end, we use mitochondrial ND2 sequences in con-
junction with existing multigene reconstructions to provide
an updated systematic and taxonomic treatment of the
Sericornithinae with an emphasis on Sericornis and
Crateroscelis. Our ND2 study incorporates increased geo-
graphic and taxonomic coverage (cf. Gardner et al. 2010)
including two additional species ofCrateroscelis (nigrorufa
and murina), the Arfak scrubwren (arfakianus) and ten of
the 13 taxa in the problematic white-browed scrubwren
complex, a group under-represented in previous molecular
phylogenetic studies (Gardner et al. 2010; Marki et al.
2017). The resulting time-calibrated ND2 phylogeny, in
conjunction with eco-morphological data, is also used to
test explicit predictions of the altitudinal speciation model
for Sericornis and Crateroscelis, including the relationship
between ecological and phylogenetic similarity of altitudi-
nal replacements (Table 1).

maculatus group

frontalis group

S. frontalis-maculatus

S. nouhuysi

S. beccarii

C. nigrorufa

C. murina

C. robusta

S. spilodera

S. papuensis

S. perspicillatus

S. arfakianus

S. humilis

dry habitat barrier

S. magnirostra

S. citreogularis

S. keri

Arafura shelf Torres Strait

AUSTRALIA

NEW GUINEA a
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cE

Fig. 1 Distributional limits of Sericornis and Crateroscelis in the
Australo-Papuan region. Distribution of the Australo-Papuan-centred
group is shown in the main figure. The white-browed scrubwren
(S. frontalis) complex has the broadest distribution in Australia (stippled
area) and is divided into an eastern frontalis and western maculatus
group. The remaining Australian scrubwrens are restricted to the east

coastal margin of the mainland with indicative ranges within the mesic
forest ecosystems shown. a–c Distributions of New Guinean endemics;
murina and robusta (a); papuensis, perspicillatus and arfakianus (b);
nigrorufa; and spilodera (c). Locations of the 25 and 50 m Pleistocene
lowstand sea level contours are shown on the main figure; E = Eyrean
Barrier. The figure was prepared in Adobe Illustrator CS6
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Methods

Sericornithinae ND2 data matrix

We initially compiled a data matrix of mitochondrial ND2 se-
quences for the Sericornithinae (excluding Oreoscopus and
Acanthornis, following Gardner et al. (2010), and basal
Smicrornis) using all available sequences present in GenBank
as of September 2015. To this, we added 25 complete ND2
sequences obtained following the methods of Norman et al.
(2007), and an additional three partial ND2 sequences for
which DNA extraction and sequencing procedures largely
followed Norman et al. (1998). These samples provided in-
creased taxonomic and geographic coverage of species (see
taxonomic list and accession numbers in Table S1,
Supplementary Information) as well as comparative data for
assessing sequence quality, identifying errors in taxonomy,
sample contamination and potential pseudogenes. Sequences
of Hylacola, Calamanthus, Pycnoptilus, Chthonicola and
Pyrrholaemuswere treated as outgroups to facilitate reconstruc-
tion of phylogenetic relationships amongst the scrubwrens and
mouse-warblers. Cross-referencing of specimen details from
the independent studies using GenBank and OZCAM online
databases identified a duplicate sequence of Calamanthus
fuliginosus (Vigors and Horsfield 1827) which was excluded
from the dataset. The remaining 51 ND2 sequences included 22
of the 25 species recognised in the combined treatments of
Christidis and Boles (2008), Dickinson and Christidis (2014)
and Beehler and Pratt (2016), following Gardner et al. (2010).
Species missing from the data matrix were the New Guinean
perplexing scrubwren Sericornis virgatus (Reichenow 1915)
variously treated as conspecific with S. beccarii, the Vogelkop
scrubwren Sericornis rufescens (Salvadori 1876) an allospecies
of S. perspicillatus, and from Australia, the western fieldwren,
Calamanthus montanellus (Milligan 1903) an allospecies of
Calamanthus campestris (Gould 1841) with which it may be
conspecific. The proposed relationships of these taxa were
largely confirmed by Marki et al. (2017).

The data matrix was aligned and edited in MEGA 6
(Tamura et al. 2013) with all heteroplasmic or ambiguous sites
coded as missing data. Two sequences published by Gardner
et al. (2010) contained a large number of ambiguities (4.5–
7.7% of sites) compared to other sequences in the dataset and
their position in the tree was carefully evaluated in preliminary
analyses. Visual inspection revealed alignment errors in an
additional three sequences from the Gardner et al. (2010)
study. These are deposited in GenBank as ‘ND2-like’ se-
quences and could not be translated as an open reading frame.
Two contained errors in the 3′ and/or 5′ regions which were
most likely due to compressions, a common sequencing arte-
fact. Manual insertion of gaps (coded as missing data) was
used to correct alignment errors and the edited sequences used
in subsequent analyses.

Molecular clock tests

Prior to conducting a detailed phylogenetic analysis, we inves-
tigated whether the ND2 sequences showed significant depar-
tures from a uniform evolutionary rate. For this, we used a
reduced data matrix containing a single representative of each
species and subspecies. The reduced data matrix was analysed
in BEAST 1.8 (Drummond et al. 2012) using both a strict and
uncorrelated lognormal relaxed (UCLR) clock with a Yule spe-
ciation prior (Heled and Drummond 2012). For the UCLR
clock model, rates were drawn from a uniform prior (mean
0.0145, SD 0.007). Model performance was evaluated from
the marginal likelihoods estimated using stepping-stone sam-
pling. The initial MCMC was run for 5 million iterations to
provide a sample of the posterior to initiate the stepping-stone
sampling procedure which comprised 50–100 steps, each run
for one million iterations. While the number of steps did not
affect the marginal likelihood, the shorter run had lower ESS
scores; results from the longer run are reported herein.

Phylogenetic analyses and molecular dating

Phylogenetic analyses employing the complete data matrix
(51 sequences) were conducted using maximum likelihood
(ML) and Bayesian methods. The ML tree was constructed
in MEGA 6 (Tamura et al. 2013) using the TN93 + I + Γ
model (where I = 0.47 and Γ = 1.22) with nodal support esti-
mated using bootstrapping (1000 replicates). A post hoc anal-
ysis incorporating an additional 11 ND2 sequences from
Marki et al. (2017) confirmed phylogenetic placement of nov-
el taxa (Calamanthus campestris, Sericornis virgatus and
S. rufescens) and clustering of orthologous sequences of
Crateroscelis robusta and C. murina, the latter two being rep-
resented by partial ND2 sequences in our dataset (Fig. S1,
Supplementary Information).

To construct a time-calibrated phylogeny, we used BEAST
1.8 on a high-performance linux computing platform accessed
through the National Computational Infrastructure portal
(http: //www.nci.org.au). We applied the best fitting model
of nucleotide evolution (TN93 + I + Γ) as determined by the
Akaike information criteria (AIC4) implemented in Kakusan 4
(Tanabe 2011), a Yule speciation prior, and a normal prior on
clock rate with mean 0.0145 ± 0.001 following Norman et al.
(2007) and Lerner et al. (2011). An initial analysis, with an
MCMC run of 10 million iterations, was performed to esti-
mate node ages and confirm clade composition.

As node ages do not account for the effect of population-
level processes on recent divergence times we also estimated
the time to most recent common ancestry (TMRCA) for the
major clades. Topological constraints were enforced to enable
estimation of TMRCA for the major clades and the final analy-
ses performed as above, employing both a Yule and coalescent
constant population size speciation prior, with the MCMC run
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for 20 and 30 million iterations, respectively. Effective mixing
and convergence for all analyses was confirmed in Tracer 1.6
and maximum clade credibility trees constructed using
TreeAnnotator (Drummond et al. 2012) and visualised in
FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree).

By focussing on the rapidly evolving ND2 gene, we aimed
to improve estimation of divergence times for recent nodes,
which can be compromised by time-dependent molecular evo-
lution (Ho et al. 2007, 2011) and lineage-specific shifts in
mutation rates when reconstructed using molecular clocks cal-
ibrated for deep phylogenies. Furthermore, we have applied
the same ND2 clock calibration to other Australo-Papuan pas-
serine species and genera (Norman et al. 2007, 2014; Norman
and Christidis 2016) which enables meaningful comparisons
of relative divergence times for this regional avifauna from
which biogeographical and macroecological inferences can
be drawn.

Bayes factor tests of topology

In addition to the standard Bayesian phylogenetic reconstruc-
tions, we utilised Bayes factors to evaluate support for the
monophyly of Sericornis and relationships within the
‘white-browed’ frontalis complex. We used informed topo-
logical priors as recommended by Bergsten et al. (2013). For
Sericornis, we used the reduced dataset of 26 sequences and
enforced monophyly of each clade while varying the position
of S. citreogularis (Fig. 2). This approach differs from the
standard method in which the position of citreogularis (but
not other clades) would be constrained and compared against
the marginal likelihood for an unconstrained tree. The null
hypothesis (H0) has Sericornis (including nigrorufa as deter-
mined from our initial BEASTand maximum likelihood anal-
yses and confirmed byMarki et al. (2017)) as monophyletic to
the exclusion of the clade containingOrigma + Crateroscelis.
The alternative hypotheses test for polyphyly of Sericornis
(HA), with citreogularis sister to Origma + Crateroscelis,
and paraphyly of Sericornis (HB), with Origma +
Crateroscelis nested within it and citreogularis as the basal
lineage in this clade.

Informed topological constraints were also used to test alter-
native hypotheses for the evolution of the ‘white-browed’ com-
plex (Fig. 3). A reduced data matrix comprising 22 ND2 se-
quences from the white-browed and large-billed groups was
used. In all analyses S. f. ashbyiwas retained as the sister lineage
to S. f. frontalis as this node received strong support in our initial
BEAST analysis (BPP 1.00). Of the six topological models test-
ed, two were considered null models (H0 and H0’) as they are
based on current taxonomic classifications (Christidis et al. 1988)
which recognise three species with either Sericornis keri
(Mathews 1920) or Sericornis humilis (Gould 1838), respective-
ly, as sister to S. frontalis. Two of our models posit an initial
divergence across the Eyrean Barrier isolating the western

maculatus group (represented by S. f. maculatus and S. f. mellori)
from the rest of the complex (HA and HB). The remaining two
models test novel temporal patterns for the divergence of the
peripheral isolates S. keri and S. humilis; one of the pair
constrained to be the sister lineage to S. frontalis, and the other
retained as the basal lineage in the radiation (HC and HD).
Bayesian MCMC runs with stepping-stone sampling were per-
formed as above with an initial MCMC of 20 million iterations
for the Sericornis dataset and 5 million iterations for the ‘white-
browed’ dataset. Model support was evaluated from the log mar-
ginal likelihoods using Bayes factors.

Altitudinal replacement sequences

We used the BEAST and ML trees to confirm phylogenetic
affinities amongst species identified as altitudinal

frontalis group

magnirostra group

papuensis group

citreogularis

Origma+Crateroscelis

Pycnoptilus+Pyrrholaemus+Chthonicola

Hylacola+Calamanthus

frontalis group

magnirostra group

papuensis group

citreogularis

Origma+Crateroscelis

Pycnoptilus+Pyrrholaemus+Chthonicola

Hylacola+Calamanthus

frontalis group

magnirostra group

papuensis group

citreogularis

Origma+Crateroscelis

Pycnoptilus+Pyrrholaemus+Chthonicola

Hylacola+Calamanthus

c. paraphyletic Sericornis (HB)

a. monophyletic Sericornis (H0)

b. polyphyletic Sericornis (HA)

Fig. 2 Hypothesised relationships for Sericornis citreogularis tested
using Bayes factors and informed topological priors. H0, Sericornis
constrained to be monophyletic with citreogularis as the basal lineage
in this genus (a), HA, Sericornis treated as polyphyletic with citreogularis
sister to a clade containing Origma + Crateroscelis (b), HB, Sericornis
treated as paraphyletic with citreogularis placed outside the clade
containing Sericornis, Origma and Crateroscelis (c). Black circles are
nodes to which topological constraints were applied, Grey circles
denote nodes constraining citreogularis. The figure was prepared in
Adobe Illustrator CS6
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replacements. Specifically, we evaluated whether the three
species of Crateroscelis formed a monophyletic clade with
C. nigrorufa as the middle taxon as predicted by Diamond
(1972, 1973). For Sericornis, we evaluated whether the pro-
posed four-taxon sequence of spilodera-arfakianus-
perspicillatus-papuensis proposed by Diamond (1972, 1973)
was supported by the data, as well as the pair beccarii-
nouhuysi. As sharp transitions are reported to occur between
species in the first two sequences (Diamond 1972, 1973), we
also determined if molecular dating was consistent with a
recent (Pleistocene) origin.

Eco-morphological data

To test the prediction that ecological divergence is correlated
with phylogenetic age amongst altitudinal replacements, we
obtained ecological data (altitudinal range, habitat and forag-
ing strata) for nine of the ten species of New Guinean core
sericornithines using published sources (Diamond 1972;
Christidis et al. 1988; Beehler and Pratt 2016) and data in

the Australian National Wildlife Collection (ANWC),
CSIRO, Canberra (Supplementary Table S2). To enable sta-
tistical discrimination of ecological niche parameters, detailed
measurements for eight morphological traits linked to func-
tional differences in foraging ecology (prey size, capture
method, foraging strata) or thermal adaptation (body mass)
were taken from archived specimens in the ANWC
(Table 2). Up to 15 specimens of both sexes were sampled
for each species. The traits were as follows: exposed culmen,
width of the maxilla at the feather-line on the nares, length of
the longest rictal bristles from the rictus, flattened wing from
shoulder to tip of the longest primary, tail from the base of the
central rectrices to the tip of the longest rectrix and to tip of the
outermost rectrix (t6), tarsus from the posterior tibiotarsal
notch to the base knuckle of the mid toe and body mass. Bill
and foot measurements were taken with a digital calliper to the
nearest 0.1 mm; wing and tail measurements were taken with
a metal ruler to the nearest 1.0 mm; and body mass (weight in
grams) was transcribed from field data records. Measurements
were entered into an Excel spreadsheet and seven functional

frontalis group

ashbyi

maculatus group

keri

humilis

magnirostra group

frontalis group

ashbyi

maculatus group

humilis
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a. Taxonomic model (H0)                                               b. Taxonomic model (H0’)                                 

c. Eyrean Barrier model (HA)                                         d. Eyrean Barrier model (HB)                                 

e. Peripheral isolate model (HS)                                      f. Peripheral isolate model (HN)                                 

Fig. 3 Hypothesised
relationships for the white-
browed (frontalis) species
complex tested using Bayes
factors and informed topological
priors. Two models are based on
current taxonomic classifications
with either S. humilis (a) or S. keri
(b) as the earliest diverging
lineage. Two models propose an
initial divergence across the
Eyrean Barrier with the
maculatus group as the earliest
diverging lineage (c, d). The final
two models propose novel spatio-
temporal sequences with
nonsequential divergence of the
peripheral isolates S. keri and
S. humilis (e, f). Black circles are
nodes to which topological
constraints were applied. The
figure was prepared in Adobe
Illustrator CS6
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ratios calculated; tail/wing, tarsus/wing, tarsus/tail, culmen/
wing, bill width/culmen, rictal bristles/culmen and rectrix 6/
longest rectrix. Statistical tests were performed in the R envi-
ronment (R Development Core Team 2011). For each species,
we first tested for differences in morphology and altitudinal
range between the sexes. We then tested for significant differ-
ences between (a) altitudinal replacements, (b) other conge-
ners and (c) between Sericornis and Crateroscelis with males
and females analysed separately in all cases (non-parametric
Man-Whitney U test).

Spearman’s rank correlation was used to test for an associ-
ation between morphological and phylogenetic divergence.
Each taxon pair was assigned a score (out of eight) based on
the total number of divergent traits and regressed against esti-
mated node age with males and females analysed separately.
The relative clustering of species in morpho-space was eval-
uated by principal component analysis (PCA) in the R envi-
ronment (development Core Team 2011). The data were first
checked for significant correlations (> 75% covariation) to
determine if a reduction in dimensions was appropriate, then

standardised by log transformation. The PCA output, gener-
ated using the ‘prcomp’ function, was visualised using
‘scatterplot3d’ with the number of principal components de-
termined from the cumulative proportion of explained vari-
ance returned using the ‘summary’ function.

Results

Molecular clock tests

Utilising Bayes factors to compare phylogenies generated un-
der the strict (H0) and uncorrelated relaxed clock (H1) models,
we could not reject the null model of a constant evolutionary
rate for the ND2 gene across the Sericornithinae (log marginal
likelihood strict = − 8027.5, relaxed = − 8027; Bayes factor =
− 0.2). Thus, we considered the effect of lineage-specific rate
variation to be negligible (Fig. S2, Supplementary
Information) and employed a strict clock model in subsequent
analyses.

Table 2 Significance of
functional morphological traits in
relation to ecology

Functional trait Primary ecological association

Body size (mass) Increases with altitude according to Bergmann’s rule1; associated with thermal
adaptation to cooler environments at higher altitudes.

Tail/wing Influences manoeuvrability and stability in flight; associated with differences in
foraging behaviour or strata2. Short wings and longer tails facilitate
manoeuvrability in dense vegetation3. Long tails also assist lift at initiation of
flight in ground-dwelling birds2.

Tarsus/wing Indicates propensity for terrestrial locomotion; reflects differences in foraging
behaviour, strata (terrestrial versus arboreal) and arboreal substrate
(trunk, thick branches, non-rigid perches). A long tarsus aids walking, running
or hopping in ground-dwelling birds4,5 whereas a shorter tarsus provides stability
for perching in more arboreal birds5 and those utilising non-rigid perches when
foraging (e.g. outer branches).

Tarsus/tail Indicates propensity for terrestrial locomotion; reflects differences in foraging
behaviour or strata (terrestrial versus arboreal). In dense vegetation
ground-dwelling birds have a longer tarsus and often shorter tail2,4.

Culmen/wing Related to differences in foraging behaviour especially habitat substrate and
may show intra-individual variation due to seasonal differences in bill growth
and wear rates accompanying dietary shifts6. Longer bills assist probing and
short bills gleaning.

Bill width/length Related to differences in foraging substrate and method (e.g. probing, gleaning),
prey form and size, and method of prey capture. Slender bills assist probing
and thicker bills gleaning. Bill mass is also associated with thermal adaptation
(heat loss), and is used in thermoregulation. Higher altitude and cooler climate
birds tend to have shorter bills (Allen’s rule) 7,8.

Rictal bristles/culmen Reflects differences in diet (percentage of invertebrates) and method of prey
capture (fly-catching versus gleaning and probing). Rictal bristles are tactile
and protect eyes from flying debris during prey capture9–11.

Rectrix-6/longest rectrix Influences manoeuvrability through tail shape3; reflects differences in foraging
ecology (method of prey capture) and habitat (open versus closed). In moist,
terrestrial environments, round-square tail shapes are favoured due to the
effects of wear.

Information sources: 1 Blackburn et al. (1999), 2 Thomas (1997), 3 Thomas and Balmford (1995), 4 Bennett
(1996), 5 Zeffer et al. (2003), 6 Gosler (1987), 7 Symonds and Tattersall (2010), 8 Shao et al. (2016), 9 Lederer
(1972), 10 Conover and Miller (1980), 11 Cunningham et al. (2011)
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Phylogenetics and molecular dating

Phylogenetic analysis of ND2 sequences returned a well-
resolved topology with high (> 0.95) Bayesian posterior prob-
abilities (BPP) support for most clades (Fig. 4 and Fig. S3,
Supplementary Information). While ML analysis recovered
the same clades, the relationships amongst themwere less well
resolved (Fig. S4, Supplementary Information). Neither anal-
ysis recovered Sericornis and Crateroscelis as reciprocally
monophyletic with nigrorufa placed as the sister lineage to
spilodera within the endemic New Guinean scrubwrens, with
high support (BPP 1.00,ML bootstrap 89). The two remaining
species ofCraterosceliswere strongly aligned with Australian
Origma in the BEAST analysis (BPP 0.97). The position of
citreogularis, which has received conflicting support in previ-
ous molecular studies, resolved as sister to the Origma–
Crateroscelis assemblage in the BEASTanalysis to the exclu-
sion of other core sericornithinines but this was unsupported
(BPP 0.90). The relationships of the latter three groups
remained unresolved in the ML analysis.

In addition to citreogularis, the BEAST analysis showed
that the scrubwren radiation comprised two major clades: (i)
an endemic New Guinean clade (arfakianus, papuensis,
perspicillatus, spilodera and nigrorufa) and (ii) an Australo-

Papuan scrubwren clade Sericornis sensu stricto which com-
prised the large-billed (magnirostra) and white-browed
(frontalis) species complexes (Fig. S3, Supplementary
Information). Bayesian support for the major clades was high
(BPP 1.00) as was support for the magnirostra and frontalis
species complexes (BPP 1.00). However, relationships within
these complexes were poorly resolved, with the exception of
S. f. frontalis and S. f. ashbyi, which resolved as sister lineages
(BPP 1.00). While ML analysis provided strong support for
the endemic New Guinean clade, the large-billed
(magnirostra) group and the white-browed (frontalis) group,
the relationships amongst them were unresolved (Fig. S4,
Supplementary Information).

Application of a strict molecular clock calibration of
0.0145 s/s/l/My to the ND2 gene indicated initial diversifica-
tion of the core sericornithinines during the middle Miocene
(13.3 Mya; 95% HPD 15.7–11 Mya), with the radiation in
Sericornis commencing shortly after (10.9 Mya; 95% HPD
13–8.9 Mya) at the beginning of the late Miocene (Table 4
and Fig. S5 Supplementary Information). Crateroscelis also
diverged from Origma during the late Miocene (9.0 Mya;
95% HPD 11.4–6.7) with the sister species (murina and
robusta) diverging near the Miocene-Pliocene boundary
(5.4 Mya; 95% HPD 7.3–3.8 Mya). Within Sericornis, the
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Fig. 4 Maximum clade credibility tree for the Sericornithinae generated
in BEAST using a strict molecular clock and Yule speciation prior.
Species names for scrubwrens and mouse-warblers are in black type with
altitudinal replacement sequences in shaded boxes. Alternative placement
of S. citreogularis supported by Bayesian hypothesis testing is indicated
by the dashed arrow linking branches. Mean node ages (Mya) are shown

and diversification events linked to episodes of avifaunal interchange
between Australia and New Guinea in the late Miocene and Pleistocene
are marked with an asterisk. Nodes receiving high BPP are denoted by
solid circles where black circles indicate BPP > 0.95. All other nodes are
unsupported. The figure was prepared in FigTree V1.04 and Adobe
Illustrator CS6
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New Guinean endemics (arfakianus , papuensis ,
perspicillatus, spilodera and nigrorufa) diversified at two in-
tervals, an initial deep divergence at 8.2 Mya (95% HPD 9.9–
6.6 Mya) when the spilodera–nigrorufa group split from the
rest and a crown radiation between 4.6 Mya (95% HPD 6.1–
3.3 Mya) and 5.9 Mya (95% HPD 7.3–4.7 Mya) across the
Miocene-Pliocene boundary when all species examined split
from one another. For the more densely sampled Australo-
Papuan scrubwren clade, divergence between the frontalis
and magnirostra groups was deep at 8.7 Mya (95% HPD
10.7–6.9 Mya), with no further diversification until the
Pleistocene with all lineages arising within a narrow temporal
window (1.5–2.5 Mya; 95% HPD 3.1–1.8 for the frontalis
group and 2.2–1.3 Mya for the magnirostra group) (Table 4
and Fig. S5 Supplementary Information). All three dating
methods yielded broadly overlapping 95% highest posterior
density (HPD) distributions (Table 4) with a tendency for
mean node ages to be older than estimated TMRCA.

Bayes factor tests of topology

Bayesian hypothesis testing, using informed topological
priors, provided strong support for monophyly of Sericornis
(H0, Fig. 2) with citreogularis as the basal lineage (Fig. S6).
The alternative models of a polyphyletic or paraphyletic
Sericornis were strongly rejected (BF − 71.8 and − 76.0, re-
spectively) (Table 3). Monophyly of Sericornis was also sup-
ported by Bayesian analysis of the multigene dataset in Marki
et al. (2017), but received weak support when analysed by
RAxML, and in the study of Gardner et al. (2010).

Bayesian hypothesis testing of evolutionary relationships
in the white-browed group strongly rejected topologies based
on recent taxonomic treatments in which S. keri and S. humilis
are considered to be the most divergent lineages. In six out of
eight comparisons an alternative topology was preferred with

the best supported evolutionary models being those in which
the western maculatus group diverged first (Table 3, Fig. S7).
In comparisons employing the two null hypotheses based on
current taxonomic classifications, initial divergence of
S. humilis was favoured.

Altitudinal replacement sequences

We employed a phylogenetic criterion for the identification of
altitudinal replacement sequences and only consider those in-
volving congeneric lineages as valid. In doing so, we distinguish
between replacement sequences arising through speciation
events from those arising amongst older lineages as a result of
ecological patterning in community assembly. This approach
identified four altitudinal sequences amongst New Guinean
mouse-warblers and scrubwrens. Three of the sequences com-
prised two-taxon series in which sister species replaced each
other at mid-montane altitudes (1200–1500 m); murina–robusta
in the Origma–Crateroscelis clade, spilodera–nigrorufa in the
endemic New Guinean Sericornis clade and beccarii–nouhuysi
in the Australo-Papuan S. magnirostra (Gould 1838) clade. The
remaining species, all in the endemic New Guinean Sericornis
clade, formed a three-taxon replacement sequence: arfakianus
(low montane), perspicillatus (mid montane) and papuensis (up-
per montane). According to the model of Diamond (1972), the
middle taxon is predicted to be the oldest lineage in the sequence.
Although the phylogenetic position of perspicillatus was unre-
solved in the present study, being recovered as the sister lineage
to S. papuensis without support (BPP 0.43), it was recovered as
the basal lineage with strong support (BPP 1.00) in themultigene
analysis of Marki et al. (2017). Only one of the altitudinal re-
placements is implicated in a Pleistocene speciation event:
beccarii–nouhuysi in the Australo-Papuan clade. Members of
all other sequences are estimated to have diverged around the
Miocene-Pliocene boundary (Fig. 4, Table 4).

Table 3 Bayes factor support for
alternative models of evolution in
Sericornis (A) and the white-
browed (frontalis) scrubwren
complex (B)

A. Constraint models: Sericornis lnML BF H0

H0: Monophyletic Sericornis − 7955.7
HA: Polyphyletic Sericornis − 7991.6 − 71.8
HB: Paraphyletic Sericornis − 7993.7 − 76.0

B. Constraint models: white-browed (frontalis) group lnML BF H0 BF H0’

H0: Taxonomic model, S. keri basal − 3259.2
H0’: Taxonomic model, S. humilis basal − 3255.5 7.4

HA: Eyrean Barrier model, S. keri sister to S. frontalis − 3251.7 15 7.6

HB: Eyrean Barrier model, S. humilis sister to S. frontalis − 3252.9 12.6 4.6

HN: Peripheral isolate model, S. keri basal − 3257.1 4.2 − 3.2
HS: Peripheral isolate model, S. humilis basal − 3254.6 9.2 1.8

lnML is the marginal log-likelihood for each hypothesis employing informed topological constraints. BF H0 and
BF H0 are Bayes factors for each pairwise comparison involving the null models where (2logB10) = 2(H0 − Hi).
Interpretation of Bayes factors follows Kass and Raftery (1995); 0–2 the models are similar, 2–6 is positive, 6–10
strong and > 10 is very strong support for the alternative hypothesis. Negative values indicate support for the null
hypothesis according to the same scale
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Eco-morphological divergence in New Guinea

Means of basic measurements of New Guinean taxa are given
in Supplementary Information Table S2, and the means and
ranges of functional trait ratios are given in Supplementary
Information Table S3, together with means and ranges of mass
and altitudinal range. Sexual dimorphism in functional traits
was limited (Supplementary Information Table S2); the most
variable trait being length of exposed culmen to wing ratio
(culmen/wing) which showed significant dimorphism in four
of the eight species examined (Mann-WhitneyU test; robusta,
p = 0.033; nigrorufa, p = 0.011; perspicillatus, p = 0.005;
spilodera, p = 0.009). Mean altitudinal range did not vary sig-
nificantly between sexes within species; thus, it is unlikely
that these results are due to sampling bias caused by differ-
ences in the elevational ranges of the measured specimens.

The number of functional trait ratios showing significant
differences between altitudinal replacement taxa ranged from
two (arfakianus–perspicillatus) to eight (nigrorufa–

spilodera) and varied between the sexes for most comparisons
(Supplementary Information Table S3). Amongst altitudinal
replacement taxa, only arfakianus and perspicillatus could
not be differentiated on body mass. In all other comparisons,
the species at higher altitudes was the heavier for both males
and females (Supplementary Information Table S2). Eco-
morphological divergence was weakly correlated with node
age for females (Spearman’s rank correlation = 0.374, p =
0.05) but not males (Spearman’s rank correlation = 0.115,
p = 0.56). Principal component analysis showed that altitudi-
nal replacements clustered together in morpho-space (Fig. 5),
the first three PCs explaining 92.6% of the variance (PC1
56.4%, PC2 26.1% and PC3 10.1%). PC1 was dominated
by an increase in culmen/wing and tarsus/tail for nigrorufa
and spilodera, and a corresponding decrease in tarsus/tail, bill
W/L and rectrix-6/tail in the remaining species (Table 5). PC2
was dominated by weight (body mass) and was of variable
importance in separating altitudinal replacements. Clear sepa-
ration along this axis was recorded only in the nigrorufa–

Table 4 Estimated node ages and coalescent times for selected clades

Node age 95% HPD TMRCAYule 95% HPD TMRCA CCP 95% HPD

Core sericornithines: Sericornis, Crateroscelis plus Origma 13.3 (~ 12) 11–15.7 12.2 10.2–14.3 12.6 10.4–14.7

Sericornis sensu lato 10.9 (~ 10) 8.9–13 10.1 8.3–11.9 10.3 8.5–12.1

New Guinean Sericornis clade plus C. robusta 8.2 (~ 6.5) 6.6–9.1 7.6 6.1–9.1 7.7 6.2–9.2

Australian Sericornis clade (frontalis plus magnirostra) 8.7 (~ 7.5) 6.5–10 – – – –

White-browed (frontalis) clade 2.5 (~ 2.5) 1.9–3.2 2.4 1.8–3 2.4 1.8–2.9

Large-billed (magnirostra) clade 1.8 (~ 1.6) 1.3–2.3 1.7 1.3–2.2 1.7 1.3–2.2

Sericornis citreogularis 1.8 1.3–2.5 – – – –

Crateroscelis murina and robusta 5.4 (~ 6.3) 3.8–7.3 5.2 3.6–6.8 5.1 3.6–6.8

Dating of node ages was performed using a strict clock model and Yule speciation prior while TMRCA was estimated under the Yule and coalescent
constant population size (CPP) priors. 95% higher posterior distribution probabilities (HPD) for this study are provided. Mean node ages inferred from
Fig. 3 in Marki et al. (2017) are given in brackets

AB

C

D

PC2

A. nigrorufa
spilodera

B. arfakianus
 perspicillatus

papuensis

C. murina
 robusta

D. nouhuysi
beccarii

Fig. 5 3D plot of principal
components of eco-
morphological divergence in New
Guinean Sericornis and
Crateroscelis. Letters A–D
denote the four altitudinal
replacement sequences recovered
in the phylogenetic tree (Fig. 4).
The figure was prepared in
scatterplot3D and Adobe
Illustrator CS6 (colour available
online)
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spilodera pair; all other altitudinal replacements showed some
degree of overlap. PC3 was dominated by relative length of
rictal bristling (rictal/culmen) and was important for separa-
tion of papuensis from the other two members in its sequence,
perspicillatus and arfakianus.

Discussion

Systematics and taxonomy of the Sericornithinae

This study contributes to an emerging molecular systematic
framework on the evolution of the New Guinean avifauna that
has previously been confounded in taxonomy through conver-
gence and crypsis in ecology and morphology (Norman et al.
2007, 2009a, 2009b; Dumbacher et al. 2008; Jønsson et al.
2008; Nyari and Joseph 2012). Using multigene datasets,
Gardner et al. (2010) and Marki et al. (2017) established that
the Sericornithinae comprised Sericornis, Crateroscelis,
Origma, Hylacola, Calamanthus, Chthonicola, Pycnoptilus
and Pyrrholaemus to the exclusion of Oreoscopus and
Acanthorniswhich were previously placed within the subfam-
ily; the former recently placed in its own subfamily,
Oreoscopinae (Schodde and Christidis 2014). Furthermore,
Smicrornis was found to be closely aligned to the
Sericornithinae rather than to Gerygone as previously pro-
posed. Here, we revise the systematic and taxonomic treat-
ment of the subfamily based on the combined molecular phy-
logenies of Gardner et al. (2010), Marki et al. (2017) and this
study.We employed the approach of Remsen Jr et al. (2016) to
delineate supra-specific taxa based on relative branch lengths
and apparent shifts in rates of morphological change. Despite
employing a different clock calibration, estimated mean node
ages for terminal clades (Sericornis, Crateroscelis and
Origma) determined by Marki et al. (2017) and this study
are similar, with all values falling well within the 95% HPD

estimated here (Table 4). For deeper nodes, we employed
estimates of mean age derived from Marki et al. (2017).

The Sericornithinae is comprised of four primary lineages
that diverged between 12 and 14 Mya (Fig. 3, Marki et al.
2017). We use a mean age of 12 Mya as the marker and treat
all four as tribes, of which three are undescribed:

1. Smicrornithini Schodde, Christidis and Norman, tribus
nova. Tiny arboreal insectivores characterised in
Sericornithinae by their combination of short, stumpy
bills and tails, fine, slender feet, unstreaked chlorotic
plumage, pale superciliaries, black-spotted throats, fore-
shortened premaxilla and maxilla, relatively large, round
naral apertures, thickly clavoid maxillo-palatines reaching
the palatine shelf, levelled naso-frontal hinge and cream-
brown toned eggs without gloss. Type genus: Smicrornis
Gould 1843. Smicrornithini comprise the single, mono-
specific genus Smicrornis which is endemic to Australia
in eucalypt woodland.

2. Calamanthini Schodde, Christidis and Norman, tribus
nova. Small, terrestrial and sub-shrub insectivores
characterised in Sericornithinae by their combination of
long tails that are held cocked, stout feet, streaked grey-
brown and whitish plumage, superciliary stripes without
frons flecking, sexually dimorphic ventra, short and
clavoid maxillo-palatines, shallowly angled naso-frontal
hinge and dull-glossed, cream-grey to red-brown toned
eggs. Type genus: Calamanthus Gould 1838.
Calamanthini comprise two di-specific genera,
Calamanthus and Hylacola, which are endemic to south-
ern Australia, in low scrubby sclerophyllous woodland,
heath and chenopodiaceous shrub steppe.

3. Pyrrholaemini Schodde, Christidis and Norman, tribus
nova. Small to medium-small terrestrial and sub-shrub
insectivores characterised in Sericornithinae by their di-
versity of form in size, grey to rufous-brown streaked,
scallop-breasted or plain plumage, the presence or ab-
sence of sexual dimorphism and patterned and square-
tipped or plain and attenuated tails that are not often more
that slightly cocked. Shared traits are short and clavoid
maxillo-palatines, shallowly angled naso-frontal hinge
and rather brightly glossed, dark umber toned eggs.
Type genus: Pyrrholaemus Gould 1841. Pyrrholaemini
are endemic to Australia and comprise two genera, mono-
specific Pycnoptilus in wet sclerophyll forest in the south-
east and di-specif ic Pyrrholaemus , including
Chthonicola, in dry sclerophyll and arid zone woodlands.

The nominate tribe, Sericornithini, is an assemblage of
small, mostly dun-plumaged ground- and shrubbery-
foraging insectivores (c. 15–17 species) from rainforest and
wet sclerophyll forest and scrubs around coastal south and east
Australia and in montane New Guinea. We recognise four

Table 5 Loadings for the first three principal components based on
eight functional trait combinations in New Guinean Sericornis and
Crateroscelis

PC1 PC2 PC3

Weight − 0.02975054 0.65221726 0.002032647

Tail/wing 0.23767406 − 0.47365701 − 0.501402637

Tarsus/wing 0.42773765 0.17647523 0.240384043

Tarsus/tail − 0.4135243 0.24526416 0.211193616

Culmen/wing 0.4474662 0.15574747 0.104375055

Bill W/L − 0.45145853 − 0.06422552 − 0.045350443

Rictal/culmen − 0.06096469 − 0.47488253 0.771130127

Rectrix 6/tail − 0.42533117 − 0.07119028 − 0.196498208

Traits maximising separation along each PC are shown in italic
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genera: Origma, Neosericornis, Aethomyias and Sericornis.
While Gardner et al. (2010) concluded that relationships were
uncontroversial, our broader taxon sampling and that of Marki
et al. (2017) have revealed novel evolutionary relationships in
this tribe. Proposed generic rearrangements are introduced to
better reflect relationships for the species Origma solitaria
(Lewin 1808), Sericornis citreogularis and Crateroscelis
nigrorufa and the depth of separation between the New
Guinean and Australo-Papuan clades of Sericornis.

For genera, we consider the minimum divergence time that
maximises information about phylogenetic distance, species in-
terrelationships and evolutionary radiation in Sericornithinae cor-
responds to a mean age of 8–9 Mya. Accordingly, the two spe-
cies of Crateroscelis (murina and robusta) are combined here
with their Australian sister species, solitaria (rock warbler), in
Origma (mean age of divergence c. 6 Mya in Marki et al. 2017
and 9 Mya here). Zoogeographic connection and paths of diver-
sification in morphology, nidification and ecology are not so
apparent if it remains split.

In contrast, the 12–14 species in Sericornis are here separated
into three genera: Neosericornis, Aethomyias and Sericornis
sensu stricto. With a single species (citreogularis) endemic to
east coast Australian rainforests,Neosericornis is a basal member
of the Sericornithini (mean age of divergence c. 10–13.3 Mya;
Marki et al. 2017 and this study). Aethomyias comprises six
species of New Guinean endemics—spilodera to perspicillatus
(Fig. 4, this study) plus rufescens. Left in Sericornis are two
species groups—the white-browed Australian frontalis group
and large-billed Australo-Papuan magnirostra group.
Separation of Aethomyias and Sericornis, with a mean node
age of 8–10.9 Mya (Marki et al. 2017; this study), is justified
by their divergent trajectories in adaptive evolution.. Radiation in
New Guinean Aethomyias has been relatively protracted, appar-
ently driven by niche specialisation in similarly structured habitat
that has enabled considerable sympatry to develop. In contrast,
radiation in Australian-centred Sericornis sensu stricto has been
recent and rapid, presumably driven by broad-scale vicariance in
different habitats resulting in extensive allopatry and minor niche
specialisation.

We used the same approach to separate subgeneric lineages
indicated in current phylogenies (Gardner et al. 2010; Marki
et al. 2017, this study). Crateroscelis nigrorufa, recovered as
sister toAethomyias spilodera, is so different from other mem-
bers of the genus in body form, niche and nidification that we
rank both as separate subgenera in Aethomyias. In shifting
nigrorufa to Aethomyias, the name changes to nigrorufus to
maintain gender agreement of genus and species. The subge-
nus for nigrorufus is undescribed:

Bicolornis Schodde, Christidis and Norman, subgenus
novum. Small, dorsally black, ventrally dark rust,
slender-headed sericornithine scrubwrens with red-
brown irides, long, slender bills with atrophied rictal

bristles, plain and narrowly rectriced tails with eroded
webbing, bulky nests of fern tendrils and pale whitish
dun eggs with fine umber spotting at larger end. Type
species: Sericornis nigrorufa Salvadori 1894. Bicolornis
is monospecific and endemic to mid-montane New
Guinea. Its name is an arbitrary combination of letters
derived from the English name for its species,
‘Bicoloured Scrubwren’, gender masculine.

In Origma, the New Guinean sister species, murina and
robusta from mesic montane forests, share wing and tail propor-
tions, nest structures and egg pigmentation markedly divergent
from Australian solitaria. Accordingly, we group them in the
subgenus Crateroscelis, an arrangement that also reflects differ-
ences in habitat, solitaria being confined to dissected sandstone
formations in drier woodland and forest habitats of southeast
Australia. In Sericornis, the frontalis and magnirostra groups
have been consistently separated by recent molecular and mor-
phological reviews (Christidis et al. 1988; Schodde and Mason
1999; above-cited studies), and they too are recognised
subgenerically here. The second is undescribed:

Sinrocires Schodde, Christidis and Norman, subgenus
novum. Small, either sombre brown or pattern-faced and -
winged sericornithine scrubwrens with red-brown irides,
long, slender bills with short, sparse rictal bristles, plain,
unmarked tails, and eggs with zones of brown pigment
wash prevailing over speckling. Type species: Acanthiza
magnirostra Gould 1838 = Sericornis magnirostra.
Sinrocires comprises three rainforest-occurring species
ranging from coastal east Australia to montane New
Guinea. Two prior generic names have been associated with
the group: Arfakornis Mathews 1916 (see Schodde and
Mason 1999: 164) andMegathizaMathews 1922. The first,
a replacement name for the preoccupied Microlestes A.B.
Meyer, is typified by Microlestes arfakianus, a member of
Aethomyias (Mayr 1986: 414, 425). The second, intended
specifically for the magnirostra complex, was typified by
Sericornis magnirostra keri, its one member that has since
been shown to belong to subgenus Sericornis (Christidis
et al. 1988; Gardner et al. 2010; Marki et al. 2017; this
study). Sinrocires is an arbitrarily formed anagram of
Sericornis, gender masculine.

Issues of species delimitations

Issues of species delimitation arising from this study concern
only Sericornis. Both biochemical (Christidis et al. 1988) and
DNA sequence data (Marki et al. 2017, this study) reveal the
species magnirostra as polyphyletic with nouhuysi and
beccarii nested within it. Whereas biochemical analyses
(Christidis et al. 1988) aligned the latter two with nominate
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magnirostra of central-eastern Australia, our ND2 sequences
grouped them with the form viridior from northeast
Queensland but with low support (BPP 0.53–0.81). As zoo-
geographic relationships in this region can be complex, com-
prehensive sampling of populations will be needed to resolve
the status and relationships of forms within the magnirostra
clade. Until then, it seems prudent to treat both beccarii and
nouhuysi as species separate from magnirostra and to leave
viridior as a subspecies in magnirostra.

The white-browed scrubwren (frontalis) group has received
conflicting taxonomic treatments based on plumage, biochemical
and molecular data (Mayr 1986; Christidis et al. 1988; Schodde
and Mason 1999). Mayr (1986) considered this polytypic com-
plex to comprise four main forms based on plumage pattern;
frontalis, humilis, keri andmaculatus. Recent classifications treat
the Atherton scrubwren of north Queensland (S. keri) and the
Tasmanian scrubwren (S. humilis) from Tasmania and islands of
the Bass Strait as taxonomically distinct, retaining all other forms
within a widespread and ecologically diverse S. frontalis
(Christidis and Boles 2008). This three-taxon arrangement is
based on biochemical data (Christidis et al. 1988) which identi-
fied S. keri as the most divergent lineage followed by S. humilis.
Schodde and Mason (1999) retained humilis within frontalis re-
ducing the complex to two species (see also Dickinson and
Christidis 2014). Bayesian phylogenetic analysis of the ND2
gene not only affirms recognition of S. keri and S. humilis but
also identified the western maculatus group as a distinct lineage
separate from frontalis and basal in the assemblage.
Consequently, we return to the four species arrangement of
Mayr (1986): keri, frontalis, humilis and maculatus. We treat
the species identity of populations in the Bass Strait (flindersi
and tregellasi, not included in this study) as unresolved.

Contrary to interpretations of systematic affinities based on
plumage patterns (Schodde and Mason 1999), ashbyi from the
Kangaroo Island did not alignwith themaculatus group based on
the Bayesian ND2 analysis (this study) but resolved instead as
the sister lineage to the eastern frontalis assemblage which in-
cludes laevigaster, tweedi, frontalis, harterti and rosinae.
Inconsistencies between plumage patterns and molecular data
regarding the placement of ashbyi may be due to convergence
in plumage traits or reflect a more complex Pleistocene evolu-
tionary history involving introgression, incomplete lineage
sorting, sex-biased dispersal or a spatially explicit isolation-
with-migration model of divergence. Nevertheless, the distinc-
tiveness of the ashbyi haplotype suggests that the Kangaroo
Island population has experienced limited female-mediated gene
flow over the past ~ 1.5 million years. Pending further study, we
leave ashbyi in maculatus.

Historical biogeography of the Sericornithini

The Sericornithini are part of the Australian-centred
Acanthizidae and likely have their origins there (Marki et al.

2017). Earliest evidence of biogeographic connections be-
tween Australian and New Guinean lineages dates to the
mid to late Miocene as indicated by the divergence of New
Guinean Aethomyias from the Australian-centred Sericornis
(mean age ~ 8–10.9Mya) and divergence of the NewGuinean
subgenusCrateroscelis from the Australian species ofOrigma
(mean age ~ 6–9 Mya) (Marki et al. 2017, this study). These
dates are consistent with an early colonisation of New Guinea
shortly after the onset of orogenic activity that initiated uplift
of the western Central Range ~ 12 Mya (Fig. 6) and produced
a substantially emergent landmass with elevations up to
2000 m by 10 Mya (Cloos et al. 2005; van Ufford and Cloos
2005; Baldwin et al. 2012). Subsequent diversification of New
Guinean lineages occurred between 5.9 and 4.6 Mya (95%
HPD 7.3–4.7 and 6.2–3.3; this study) during a phase of rapid
mountain uplift (up to 2.5 km in 2 million years) driven by
collisional delamination (Cloos et al. 2005). The coincident
timing suggests a primary role for tectonic controls on rates
and patterns of early diversification, as reported for Andean
birds (Ribas et al. 2007), with passive transport of species to
higher altitudes. We also found evidence of more recent con-
nect iv i ty between Aust ra l ian and New Guinean
sericornithinines with S. nouhuysi diverging from other line-
ages within the large-billed (magnirostra) group during the
Pleistocene (~ 1.5 Mya; 95% HPD 2–1.1 Mya), a finding also
supported by the study of Marki et al. (2017).

These reconstructions contribute to a growing body of molec-
ular evidence for three or more phases of faunal interchange
between Australia and New Guinea in terrestrial vertebrates.
Evidence for mid to late Miocene connections are currently lim-
ited to a few taxa (e.g. Malekian et al. 2010, this study); most
studies indicate faunal interchange across the Miocene-Pliocene
boundary, e.g. honeyeaters (Norman et al. 2007), possums
(Malekian et al. 2010), pademelons (Macqueen et al. 2010) and
snakes (Kuch et al. 2005;Wuster et al. 2005). Cloos et al. (2005)
determined that the New Guinean orogeny is asynchronous—
being initiated in the west at ~ 12 Mya—and progressing east-
wards. Based on this model, it is likely that middle to late
Miocene connections involved colonisation across the Arafura
shelf onto the developing western New Guinea landmass (Fig.
6). Mesic forests were more widespread across northern
Australia at this time (Atahan et al. 2004; Martin 2006; Herold
et al. 2011) and are the likely source area for early colonists.
While the Sericornithinae persisted in ancestral Australian mesic
forest habitats, other passerine lineages appear to have become
extinct there and are represented today by relictual species that
retreated into refugia within montane New Guinea at that time
(Schodde and Christidis 2014; Moyle et al. 2016). Despite wide-
spread support for late Miocene biogeographical connections,
Aggerbeck et al. (2014) have proposed that one lineage, the large
core Corvoidea, colonised proto-Papuan island during the late
Oligocene-early Miocene, but this reconstruction remains con-
troversial (Schodde and Christidis 2014; Moyle et al. 2016).
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Understanding the mechanisms underlying early biogeo-
graphical connections remains a challenge as geological evi-
dence for sustained land bridges between Australia and New
Guinea is limited, and isostatic changes in sea level make it
difficult to infer early land connections from globally aver-
aged sea level fluctuations. Nevertheless, late Miocene-
Pliocene changes in sedimentation patterns across the inter-
vening shelf indicate a shift from a shallow reefal system
dominated by carbonate sedimentation, to one dominated by
the deposition of siliclastic material shed from the developing
orogen (Cloos et al. 2005; Davies 2012). Multiple low-energy
marine transgression-regression events linked to changes in
Antarctic ice volume also occurred at this time, with alluvial
channels formed on the shelf during periods of subaerial ex-
posure (Edgar et al. 2003). These conditions are indicative of a
deltaic environment and it is likely that extensive tracts of
mangrove, or other vegetation, formed on the exposed mud-
flats (Reeves et al. 2008; Edgar et al. 2003). As evidence for
the formation of mature forest ecosystems is lacking, we sug-
gest that other factors may have played a role in early coloni-
sations of New Guinea by mesic forest adapted ancestors. In

particular, an increased frequency, intensity and distribution of
tropical cyclones have been modelled for this region during
the early Pliocene (Fedorov et al. 2010). Birds can respond to
changes in barometric pressure, altering behaviour and activ-
ity patterns (Breuner et al. 2013), and have been shown to
actively disperse to evade an approaching storm-front
(Streby et al. 2015). Severe storms are also associated with
the appearance of birds well outside their normal range, in-
cluding trans-oceanic movements (Dionne et al. 2008). Such
events may have facilitated dispersal across the Arafura shelf
during periods of exposure, even in the absence of continuous
mesic forest cover.

In contrast to the uncertainty surrounding early biogeo-
graphic connections, episodic Pleistocene land connections
between Australia and New Guinea are well established
(Nix and Kalma 1972), coincident with sea level falls during
glacial maxima (Voris 2000; Chivas et al. 2001). For birds,
available evidence does not support Plio-Pleistocene con-
straints based on habitat preference or gross eco-
morphological traits. Recent interchange has been document-
ed in scrubwrens (Sericornis; this study), honeyeaters

late Miocene ~10 Mya Pliocene ~5 Mya Pleistocene ~1.5 Mya

20°

40°

a. Initial colonisation of
New Guinea in New Guinean lineges

c. Connectivity during glaxial maxima

- onset of Central Range orogeny 12 Mya
- shedding of siliclastics onto Arafura shelf
- deltaic environment during lower sea-level
- broader distribution of mesic forests
   in Australia

- rapid uplift of Central Range
- western ranges attain 4000m a.s.l
- contraction of mesic forests in
   Australia

- ongoing orogeny in east
- sustained land connections during
   glacial maxima

TATA TA
TA

Fig. 6 Biogeographic reconstruction showing possible routes of dispersal
as a function of asynchronous Central Range orogeny and eustatic falls in
sea level. a Initial colonisation of western New Guinea during the late
Miocene after the onset of orogeny in western new Guinea ~ 12 Mya.
Colonisation from northern Australian mesic forests is inferred to have
occurred during periods of lowered sea level when a deltaic environment,
formed by the accumulation of shedding siliclastics, developed on the
Arafura shelf. b Pliocene diversification of New Guinean
sericornithinines coincides with a phase or rapid mountain uplift and
suggests passive transport of species to higher elevations. c Pleistocene
connectivity across the Torres Strait in the magnirostra group coincident
with periods of lower sea level during glacial maxima. Dispersal across
the Arafura shelf is unlikely at this time due to the contraction of mesic

forests to eastern Australia. Zones of active orogeny (solid triangles),
deposition of siliclastic material from the developing orogen (grey
arrows), changing distribution of mesic forests in Australia (stippled)
and inferred routes of dispersal between Australia and New Guinea
(black arrows), are shown. An outline of the developing New Guinea
landmass (dashed outline) formed as a result of orogenic activity and
terrane accretion along the northern margin (TAwith black arrows). The
late Miocene to Pliocene continental shelf is shown in dark grey.
Pleistocene lowstands of 25 m (mid-grey) and 50 m (light-grey) are
shown in c. Reconstruction based on information presented in Voris
(2000), Hall (2002), Cloos et al. (2005), Martin (2006) and Herold et al.
(2011). The figure was prepared in Adobe Illustrator CS6
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(Meliphaga; Norman et al. 2007), butcherbirds (Cracticus;
Kearns et al. 2011), shrike-thrushes (Colluricincla Nyari and
Joseph 2013), pigeons (Ducula; Cibois et al. 2017) and di-
verse genera of Australasian robins (Heteromyias, Microeca,
Poeciliodryas and Tregellasia; Christidis et al. 2011). The
habitats occupied by these groups range frommesic and mon-
tane forests to savannah, mangrove and monsoon scrub com-
munities, and the ecologies of their species range from
nectarivory and frugivory to insectivory and carnivory, and
include small (8–12 cm), medium (13–22 cm) and larger-
bodied (25–60 cm) birds. This diversity may indicate multiple
Pleistocene routes of dispersal (Fig. 6)—a drier, open habitat
route across the Arafura shelf, and a more mesic closed forest
route across Torres Strait to the east (Kearns et al. 2011)—or
past environmental diversity on the Torres Strait landbridge
(Nix and Kalma 1972). This is supported by linked palaeo-
vegetation models developed for the adjacent Sunda Shelf
which indicate significant changes in the distribution of trop-
ical lowland forests in response to Pleistocene glacial cycling
(Cannon et al. 2009).

Altitudinal speciation and eco-morphological
divergence in New Guinea

Phylogenetic relationships based on DNA sequence data (this
study, Marki et al. 2017) do not support the classical three and
four-taxon sequences of altitudinal replacement proposed for
New Guinean Origma (Crateroscelis) and Aethomyias, re-
spectively (Diamond 1972, 1973). Instead, these seven spe-
cies formed simpler sequences of two and three replacements.
Origma (Crateroscelis) is reduced to a two-taxon sequence as
the presumed middle taxon (nigrorufus) was found to be a
scrubwren. Despite convergent ecological similarity in forag-
ing niche, nigrorufus aligned with spilodera in morpho-space,
possessing a proportionally longer tail and shorter tarsus,
attributes consistent with a more arboreal foraging niche.
Diamond (1972, 1973) suggested that the patchy distribution
of nigrorufus and its narrow altitudinal range (c. 1300–
2200 m a.s.l.) were due to competitive exclusion by presumed
congeners, murina (c. 200–1300 m a.s.l.) and robusta (c.
1500–3500 m a.s.l.). Given that nigrorufus is a scrubwren,
the competitive exclusion hypothesis would imply an impor-
tant role for community interactions in determining niche oc-
cupancy and the direction of adaptive divergence in non-con-
geners. Alternatively, the patchy occurrence and narrow
elevational range of nigrorufus could reflect the natural distri-
bution of a distinct ecological niche not occupied by the
mouse-warblers, or its sister species, spilodera.

Body mass differentiated phyletic altitudinal replacements in
accordance with Bergmann’s ecogeographical rule for most spe-
cies pairs; the larger-bodiedmember occurring at higher altitudes
(Table S2, Supplementary Information), consistent with adapta-
tion for thermoregulatory efficiency at higher, colder, elevations

(Blackburn et al. 1999). The relationship was not as clearly de-
fined in the three-taxon sequence in Aethomyiaswhere ranges in
body mass overlapped broadly in the low- and mid-altitude spe-
cies (arfakianus and perspicillatus, respectively) (Table S2,
Supplementary Information; Fig. 5). The reasons for this are
unclear but could be due to geographic variation in body mass
in response to local variations in altitudinal range obscuring the
expected relationship, the confounding effects of interspecific
competition and community assembly limiting niche space, or
evolution along an alternative adaptive trajectory.

Our analyses also provided little support for the hypothesised
time dependency of ecological sorting mechanisms (Table 1).
The correlation between eco-morphological divergence and time
(node age) was found to be weak or absent for the eight traits
examined, while the clustering of species in morpho-space sup-
ported the decoupling of phylogenetic and eco-morphological
divergence (Fig. 5). In most cases, separation of altitudinal re-
placements in morpho-space was limited despite mean diver-
gence times in the range 1.5 to 5.9 Mya. The notable exception
was nigrorufus-spilodera (4.9 Mya, this study; 95% HPD 6.2–
3.3 Mya) which showed the greatest degree of morphological
divergence for sister species and were clearly differentiated in
morph-space from all other species and genera. To account for
this discordance, we propose that selection for physiological ad-
aptations to hypoxia and thermal stress may limit the need for
strong eco-morphological divergence between altitudinal re-
placements in some cases. Themajor selective pressures on birds
in high altitude environments are their ability to manage oxygen
deprivation, heat loss, dehydration and the increased energy de-
mands for flight (Altshuler and Dudley 2006;Weber 2007), with
physiological adaptations to these stressors documented in mon-
tane birds (Dubay and Witt 2014). Strong selection on physio-
logical traits would also explain the maintenance of sharp transi-
tion zones between altitudinal replacements in the absence of
obvious ecotones as proposed by Diamond (1972, 1973).
Unfortunately, our data does not allow us to determine if speci-
ation has resulted from adaptive divergence along an altitudinal
gradient or is the result of divergence in isolation with altitudinal
sequences forming on secondary contact.

While we were able to reject some aspects of the existing
models of altitudinal speciation, a more detailed understanding
of the eco-evolutionary processes involved will require an inte-
grated approach combining assessment of phylogeographic pat-
terns, eco-morphological variation and physio-genomic adapta-
tions to hypoxia and thermal stress across each species’ range. A
potential role for community interactions in defining niche avail-
ability and the extent of limiting similarity in eco-morphological
traits should also be explored. Ideally, these studies should be
linked with palaeoclimatic and niche modelling (Cannon et al.
2009), along with genetic simulations to investigate population-
level responses to selection and gene flow under the vicariant and
ecological gradient models of speciation, and spanning different
temporal frameworks. Importantly, each of the currently
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described models makes different predictions about the extent,
direction and/or location of gene flow during the evolution of
altitudinal replacements that provide the basis for the formulation
and testing of explicit hypotheses. These are (i) the ‘drop-out’
model (Diamond 1972, 1973) which posits local extinction with
subsequent divergence of vicars in response to selection driven
by ecological or climatic factors; (ii) the ‘over-under slip’model
(Schodde andHitchcock 1972) that proposes ecological selection
between vicars driven by the Massenerhebung Effect (Grubb
1971); and (iii) in situ selection along ecological (altitudinal)
gradients (Schneider et al. 1999). While these varied approaches
provide a basis for exploring the ecological, community and
genetic mechanisms underlying altitudinal speciation we may
ultimately find that simplistic models are inadequate for
explaining the potentially complex spatio-temporal dynamics of
the evolutionary processes involved.

Taxonomic revision

Our taxonomic conclusions are summarised in the following
synopsis of sericornithine taxa to species level. Species taxa
not reviewed here follow Dickinson and Christidis (2014).
Sequence of taxa follows the phylogenetic branch sequences
in Gardner et al. (2010), Marki et al. (2017) and this study.
Conventional English names are retained for all sericornithine
species (Christidis and Boles 2008; Dickinson and Christidis
2014; Beehler and Pratt 2016) except Aethomyias nigrorufus,
which should be changed to Bicoloured Scrubwren.

Subfamily Sericornithinae Mathews 1946
Tribe Smicrornithini Schodde, Christidis and Norman, this

work
Genus Smicrornis Gould 1843

Smicrornis brevirostris (Gould 1838)—Australia
Tribe Calamanthini Schodde, Christidis and Norman, this

work
Genus Calamanthus Gould 1838

Calamanthus fuliginosus (Vigors and Horsfield
1827)—coastal southeast Australia and Tasmania

Calamanthus montanellusMilligan 1903—southwest
Australia

Calamanthus campestris (Gould 1841)—central west
to central south Australia

Genus Hylacola Gould 1843
Hylacola pyrrhopygia (Vigors and Horsfield 1827)—

southeast Australia (west to Mt. Lofty-Flinders Ranges)
Hylacola cauta Gould 1843—southwest and central

south Australia (east to central Victoria and New SouthWales)
Tribe Pyrrholaemini Schodde, Christidis and Norman, this

work
Genus Pycnoptilus Gould 1851

Pycnoptilus floccosus Gould 1851—southeast
Australia

Genus Pyrrholaemus Gould 1841

Pyrrholaemus brunneus Gould 1841—inland south
and central Australia

Pyrrholaemus sagittata (Latham 1801)—south and
central east Australia

Tribe Sericornithini
Genus Origma Gould 1838

Subgenus Origma
Origma (Origma) solitaria (Lewin 1808)—central

coastal New South Wales (sandstone formations)
Subgenus Crateroscelis Sharpe 1883

Origma (Crateroscelis) murina (P.L. Sclater
1858)—lowland to mid-montane New Guinea, satellite
islands

Origma (Crateroscelis) robusta (De Vis 1898)—
mid to upper montane New Guinea

Genus Neosericornis Mathews 1912
Neosericornis citreogularis (Gould 1838)—coastal

east Australia
Genus Aethomyias Sharpe 1879

Subgenus Bicolornis Schodde, Christidis and
Norman, this work

Aethomyias (Bicolornis) nigrorufus (Salvadori
1894)—mid to upper montane New Guinea

Subgenus Aethomyias
Aethomyias (Aethomyias) spilodera (G.R. Gray

1859)—lowland to mid-montane New Guinea, satellite
islands

Subgenus Arfakornis Mathews 1916
Aethomyias (Arfakornis) rufescens (Salvadori

1876)—lower to mid-montane New Guinea (Vogelkop)
Aethomyias (Arfakornis) perspicillatus (Salvadori

1896)—mid to upper montane New Guinea (central cordille-
ra, north coast ranges)

Aethomyias (Arfakornis) papuensis (De Vis
1894)—upper montane New Guinea (central cordillera)

Aethomyias (Arfakornis) arfakianus (Salvadori
1876)—lower to mid-montane New Guinea

Genus Sericornis Gould 1838
Subgenus Sinrocires Schodde, Christidis and

Norman, this work
Sericornis (Sinrocires) magnirostra (Gould

1838)—coastal east Australia (except Cape York Peninsula)
Sericornis (Sinrocires) beccarii Salvadori 1874—

Cape York Peninsula, Aru Is, lowland to lower montane south
and west New Guinea

Sericornis (Sinrocires) nouhuysi van Oort 1909—
mid to upper montane New Guinea

Subgenus Sericornis
Sericornis (Sericornis) maculatus Gould 1847—

southwest and central south Australia (east to South
Australian gulfs)
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Sericornis (Sericornis) humilis Gould 1838—
Tasmania and King Is. (species identity of east Bass Strait
populations unresolved)

Sericornis (Sericornis) keriMathews 1920—north-
east Queensland tablelands

Sericornis (Sericornis) frontalis (Vigors and
Horsfield 1827)—coastal east Australia (west to Mt. Lofty
Range and north to northeast Queensland)
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