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Abstract

Aotearoa New Zealand has a fauna of endemic alpine grasshoppers, consisting of thirteen species distributed among four
genera. The many re-classifications of species within this group and the presence of species complexes highlight the
uncertainty that surrounds relationships within and between these genera. High-throughput Next Generation Sequencing
was used to assemble the complete mitochondrial genomes, 45S ribosomal cassettes and histone sequences of New Zealand’s
four endemic alpine genera: Alpinacris, Brachaspis, Paprides and Sigaus. Phylogenetic analysis of these molecular
datasets, as individual genes, partitions and combinations returned a consistent topology that is incompatible with the
current classification. The genera Sigaus, Alpinacris, and Paprides all exhibit paraphyly. A consideration of the pronotum,
epiphallus and terminalia of adult specimens reveals species-specific differences, but fails to provide compelling evidence
for species groups justifying distinct genera. In combination with phylogenetic, morphological and spatial evidence we
propose a simplified taxonomy consisting of a single genus for the mawhitiwhiti Aotearoa species radiation.
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Introduction

Six genera of short-horned grasshopper (Orthoptera: Acrididae (MacLeay 1821)) occur naturally in Aotearoa New
Zealand. Two of these are native, comprising two endemic New Zealand species of Phaulacridium (Brunner von
Wattenwyl 1893) congeneric with Australian species, plus the cosmopolitan Locusta migratoria (Linnaeus 1758).
Four genera, Alpinacris (Bigelow 1967), Brachaspis (Hutton 1898), Paprides (Hutton 1897) and Sigaus (Hutton
1897), are endemic to Aotearoa New Zealand (Figure 1A). The placement of the thirteen species within these four
genera is the subject of this revision because recent phylogenetic analysis (Koot et al. 2020) resolved a monophyletic
New Zealand radiation but questioned current systematic subdivisions. These grasshoppers are referred to as the
New Zealand alpine radiation as most of them are restricted to habitat above the elevational treeline. However, some
have ranges that extend to lower elevation and three species are found only in lowland habitats (Table 1). All species
are flightless and silent (Bigelow 1967; Key 1991) but differ in habit and size with the largest, (Sigaus villosus
(Salmon 1950)) restricted to high alpine habitat, and the smallest (Sigaus minutus (Bigelow 1967)) found only in
low elevation semi-arid habitat (Figure 1B).

Globally, the short-horned grasshoppers (Orthoptera: Acrididae) comprise ~6,677 species within a complex
and poorly resolved taxonomic classification that includes numerous tribes and subtribes (Cigliano et al. 2022).
Molecular phylogenetic analyses have improved our understanding of systematic relationships of the acridids, and
in doing so reveal morphological homoplasy (Song et al. 2018). The four endemic New Zealand genera of the
alpine radiation are placed with other ‘spur-throated’ grasshoppers within the subfamily Catantopinae (Brunner von
Wattenwyl 1893) (Cigliano et al. 2022; Brunner von Wattenwyl & Fea 1893). The genus Sigaus is further classified
into the tribe Catantopini (Brunner von Wattenwyl 1893) and subtribe Russalpiina (Key & Colless 1993) (Cigliano
et al. 2022). Members of Catantopinae and Catantopini are found throughout Australia, Asia, Europe and Africa,
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whilst subtribe Russalpiina is limited to New Zealand and the Australian island of Tasmania (Cigliano et al. 2022;
Johnston 1956, 1968; Key & Colless 1993; Brunner von Wattenwyl & Fea 1893).
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FIGURE 1A. The generic placement of the thirteen species of grasshoppers/mawhitiwhiti from Aotearoa New Zealand since
the first species descriptions in 1897 with the phylogenetic relationships implied by the current classification. Figure 1B.
Mawhitiwhiti Aotearoa are diverse in form and ecology. An adult male Sigaus minutus is shown on top of an adult female Sigaus
villosus to allow size comparison of smallest and largest species within this radiation. See Table 1.

Taxonomic treatment of Aotearoa New Zealand alpine grasshopper radiation

The current taxonomy of New Zealand grasshoppers is based on Bigelow (1967), with the addition of Sigaus
childi (Jamieson 1999), Sigaus takahe (Morris 2003) and Sigaus homerensis (Morris 2003). Analysis of short
mitochondrial DNA sequence data (mtDNA partial COI) is largely compatible with current species level taxonomy
in that clusters of DNA sequence variants correlate with morphological features, and geographic distribution (Figure
2). However, genetic and geographic diversity of Sigaus australis (Hutton 1897) encompasses the morphologically
indistinguishable localised population formerly referred to as S. obelisci (Bigelow, 1967), and putative local
endemics S. takahe and S. homerensis represent geographic outlier populations nested within the mtDNA lineage of
S. australis and lack convincing evidence of their distinct taxonomic status (Carmelet-Rescan et al. 2021; Trewick
2008; Trewick & Morris 2008; Trewick et al. 2022). However, the cryptic and localised taxon S. childi maintains
distinct morphology in semi-arid lowland habitat despite gene flow with sympatric S. australis (Dowle et al.
2014). Genetic and morphometric diversity within S. australis is mostly distributed along Ka Tiritiri o te Moana
Southern Alps, the axial mountain range of South Island, New Zealand (Carmelet et al. 2021). Comparison of
mitochondrial and nuclear sequences show that three Brachaspis lineages do not correspond to the taxonomy; two
are within B. nivalis (Hutton 1897) (north and south), while the rare, regionally restricted low elevation B. robustus
(Bigelow 1967) is nested within southern B. nivalis (Trewick 2001). Similarly, range-restricted diminutive forms
of Brachaspis also nest within the genetic diversity of their neighbouring montane B. nivalis populations (Trewick
& Morris 2008). Inter and intraspecific mtDNA sequence diversity in these lineages is consistent with expectations
(Supplementary Table S2).

Theunderlyingquestionofgenericstatus oftheendemic New Zealand alpine grasshopperradiationremains. Genera
areusually assigned to sets of species to indicate similarity and in an evolutionary framework we expect that similarity to
reflect phylogenetic relationships. Hence a genus is expected to represent a monophyletic clade or cluster. Taxonomic
hierarchy canresult in paraphyletic taxa iftraits used for classification do not correctly resolve underlying evolutionary
relationships(e.g., Stebbins 1956; Boudineteral. 2022). Failuretoreconcile taxonomy with evolution leads to confusion
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FIGURE 2. Schematic representation of published mtDNA COI sequence variation within species lineages of endemic Aotearoa
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New Zealand Acrididae in the alpine radiation (Supplementary Table S1 for data details). Recorded locations of each taxon are
coloured as shown in the phylogeny (left). Triangles on maps indicate two rare, localised species that are recognised by morphology,
but are phylogenetically nested within other more widespread lineages (with corresponding colour). The sampling locations of
specimens used in the current study are indicated on the maps with their unique identifiers (see Table 2).

and hinders progress in almost all areas of biology (e.g., Hernandez et al. 2020; Forni et al. 2023; Wilkerson et
al. 2015). Here we examine the current taxonomic grouping of the alpine radiation of New Zealand grasshoppers
into four genera. We used a DNA sequence dataset consisting of 13 protein coding mitochondrial genes, nuclear
458 ribosomal RNA cassettes and two histones from representatives of the New Zealand alpine genera Alpinacris,
Brachaspis, Paprides and Sigaus to test whether their evolutionary history is consistent with their taxonomy. We
consider morphological traits used in the original species descriptions and propose genus level synonymy.

Methods

Sixteen individuals representing eleven major lineages of New Zealand endemic grasshopper were collected:
Alpinacris crassicauda (Bigelow 1967), Alpinacris tumidicauda (Bigelow 1967), Brachaspis collinus (Hutton
1897), Brachaspis nivalis (Hutton 1897), Paprides dugdali (Bigelow 1967), Paprides nitidus (Hutton 1897),
Sigaus australis, Sigaus campestris (Hutton 1897), Sigaus minutus, Sigaus piliferus (Hutton 1897) and Sigaus
villosus (Table 2, Figure 2). Of these, B. nivalis, S. australis, A. crassicauda and S. piliferus were each sampled
from two locations to better encompass geographic intraspecific diversity indicated by preliminary data (Trewick
2000; Trewick & Morris; and see Results below). This sampling encompasses phylogenetic diversity within B.
nivalis that includes the endangered, ecologically distinct low-elevation species B. robustus, and diversity within
S. australis that includes S. childi. Species were identified using morphological traits proposed by Bigelow (1967)
including the texture and outline and shape of the pronotum, subgenital plate and epiproct of males. For an outgroup
we use homologous data from two Tasmanian alpine grasshopper species, Russalpia albertisi and Tasmaniacris
tasmaniensis, and two Phaulacridium species (Bigelow 1967; Key 1991; Koot et al. 2020). All grasshoppers were
initially euthanised by freezing then stored in 95% ethanol to preserve DNA. We assembled a rich DNA sequence
database including entire mtDNA genome sequences which have been shown to contain phylogenetic signal capable
of resolution of lineages that diverged up to 300 Mya (Fenn et al. 2008; Song et al. 2015). To do this we used a Next
Generation Sequencing (NGS) and bioinformatics approach.
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The natural enrichment of eukaryote cells with the relatively small mtDNA genome makes NGS high-throughput
approaches to generate numerous short anonymous sequences an effective way to assemble them. Similarly, the
nuclear 458 ribosomal RNA cassette is highly replicated in the genome, with many tandem repeats and copies on
multiple chromosomes (Richard et al. 2008). The cassette of three rRNAs (18S, 5.8S and 28S) and two Internal
Transcribed Spacers (ITS1 and ITS2) is thus amenable to assembly from high-throughput NGS data (Vaux et al.
2017). Despite biparental inheritance the 45S ribosomal cassette tends to be homogenised via concerted evolution
(Nei & Rooney 2005). The rRNA regions of the cassette are highly conserved and so show a low rate of nucleotide
substitution that has been used to study deep phylogenetic relationships (Raué et al. 1988). In contrast, the ITS regions
are not functionally constrained in the same way, and so have high substitution rates. As a result ITS sequences can
vary greatly even within species, and have been used alongside mtDNA in species and population analyses (Alvarez
&Wendel 2003; Richard et al. 2008; Trewick 2001). In addition we generated contigs for representatives of the
histone nuclear gene family targeting the adjacent H3 and H4 exons.

Genomic DNA was extracted from leg muscle using a solvent-free salting-out method (Sunnucks & Hales
1996) and quantified using Qubit fluorometry (Life Technologies, Thermo Fisher Scientific Inc.). Genomic DNA
samples were paired-end sequenced through massive parallel, high-throughput sequencing on an Illumina HiSeq
2500 following fragmentation and indexing using the Illumina TruSeq Nano DNA kit. Resulting 100bp paired-end
reads were sorted and edited using ‘Cutadapt’ v 1.11 (Martin, 2011) to remove sample barcodes, and were paired
and assembled in Geneious versions 9.1.4—Prime2023 (Kearse et al. 2012).

Mitochondrial genomes were assembled from each sample DNA using an iterative reference mapping approach.
The first of the New Zealand grasshopper genome assemblies used the published annotated mtDNA genome of
Locusta migratoria in Oedipodinae for initial mapping. Paired reads were iteratively mapped to the reference
sequence in Geneious generating a novel consensus sequence, which was then used as a reference to remap the raw
sequence reads (See Sivyer et al. 2018; Vaux et al. 2017; Koot et al. 2020). Sequences were uploaded as raw fasta
files to MITOS (Bernt ef al. 2013) to initially identify protein coding regions, rRNAs and tRNAs. Annotations were
transferred and individually checked by comparison of reading frames, amino acid translation and RNA structure.

A similar approach was used to assemble, align and edit 45S ribosomal cassettes and histones H3 and H4
sequences for the same grasshopper samples. Preliminary assembly of 45S used the 5.8S sequence of Locusta
migratoria (Genbank: KM853191) and for the histones we started with L. migratoria H3 (Genbank: AF370817) as
the reference, but subsequent mapping used the results from other New Zealand Catantopinae.

DNA sequence alignments were obtained using Geneious v9.1.4—Prime2023 and were checked and edited
manually using translated sequences of coding genes. DNA sequence alignments representing 20 specimens were
generated for the mitochondrial genomes, two histone genes and the partial 45S cassette. Thirteen mtDNA protein
coding genes were extracted from the mitochondrial genomes, aligned and concatenated. These were supplemented
by the two histone coding exons H3 and H4 and the 45S sequences (partial 18S, ITS1, 5.8S, ITS2 and partial 28S),
resulting in an alignment of 18,874 bp. INDEL regions were removed from alignments, primarily 45S, as homology
could not be confirmed, and this resulted in an alignment of 16,565 bp. These data were analysed together applying
suitable models to partitions.

Phylogenetic analysis

Alignments were analysed using Maximum Likelihood (ML) implemented in 1Q-Tree v2.2 through 1Q-Tree tools
(Trifinopoulos et al. 2016; Minh et al. 2020) utilising model selection (Kalyaanamoorthy et al. 2017) and ultrafast
bootstrapping (Hoang et al. 2018). Partition models (Chernomor et al. 2016) were applied in ML analyses that
identified coding genes, TRNA genes, and codon position of protein coding genes. Bayesian analysis was implemented
with MrBayes (Ronquist & Huelsenbeck 2003) in Geneious Prime using an HKY 85 model with four rate categories
and gamma rate variation and run on 4 chains for 5 million generations and burnin of 100,000 generations.

We treated the existing taxonomy as an evolutionary hypothesis (see Figure 1) and tested the predicted
clustering of congeneric species using a constrained tree topology in 1Q-Tree v2.2, implementing the bootstrap
proportion RELL (bp-RELL) approximation (Kishino ez al. 1990), (KH) Kishino-Hasegawa test (Kishino &
Hasegawa 1989), (SH) Shimodaira-Hasegawa test (Shimodaira & Hasegawa 1999), (c-ELW) expected likelihood
weights (Strimmer & Rambaut 2002), and (AU) approximately unbiased test (Shimodaira 2002). For the purpose
of topological comparison, we pruned the data set to include data for one of each of the represented species having
already demonstrated the monophyly of respective intraspecific samples. Thus, an alignment of 11 New Zealand
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lineages with a Tasmanian taxon to root the tree. For convenience only the species epithets are used for labels.
The constrained tree topology grouping congeneric species under the existing taxonomy, in Newick format is:
((tumidicauda, crassicauda), (nitidus, dugdali), (nivalis, collinus), (australis, minutus, campestris, piliferus,
villosus), tasmaniensis). Note that this conservative treatment does not constrain the intergeneric topology, or the
placement of species within the genus Sigaus.

100 GH762
GH1576
100 TAZ3
TAZ4
100 GH5
97 L GHeo © Sigaus piliferus
GH1374 @ Sigaus villosus
100 84 GH433 O Sigaus minutus
GH1036 @ Sigaus campestris
" 100 GH1295 O Alpinacris tumidicauda
100 GH1387
@ Sigaus australis
GH3167
100 = GH830 © Paprides dugdali
100 GH1371
. 100 GH1404 @ Brachaspis nivalis
piL GH1405 (O Brachaspis collinus
100 GH1407 ) .
69 GH3539. Paprides nitidus
'S Acs @ Alpinacris crassicauda
GH749
0.03

FIGURE 3. Phylogenetic hypothesis for the Aotearoa New Zealand alpine grasshoppers inferred from alignment of 19,778 bp
comprising 13 mitochondrial protein coding genes and two rRNAs, nuclear protein coding histones 3 & 4 and 458 cassette (with
indels removed). Maximum likelihood analysis performed in IQ-Tree with codon partitioning. Numbers at nodes are results
from 10000 bootstrap replicates.

Results

Alignments of data represented 20 individual Catantopinae grasshoppers comprising 11 New Zealand species, 2
Tasmanian species and 2 species of Phaulacridium. For details of mitochondrial genome nucleotide composition and
gene order see Koot ef al. (2020). The concatenated alignment of 13 mtDNA protein coding genes spanned 11,196
bp with the typical insect mtDNA AT bias in nucleotide composition (75%), of which 3,847 were variable sites. The
two nuclear histone genes comprised 723 bp with 663 invariant sites across the 20 specimens. The alignment of
458 ribosomal RNA genes (18S, ITS1, 5.8S, ITS2, 28S) spanned 5,028 bp, and 4,645 bp after removal of insertion-
deletion segments for which alignment homology could not be confirmed. There was a low level of variation within
the 45S rRNA with just 71 variable positions, and many (43) in the two ITS regions. The 163 bp 5.8S was invariant.
The concatenated alignment of mtDNA CDS, histones and 45S for 20 taxa comprised 16,565 bp after exclusion of
all INDELSs. Of this, 12,576 sites were invariant and 2,848 were parsimony-informative. Despite the usual alignment
limitations for the mitochondrial rRNA genes 12S (small subunit) and 16S (large subunit) we analysed these two
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genes in a concatenated alignment of 2,208 bp obtained using the MAFFT E-INS-I algorithm. We then generated a
full mitochondrial dataset comprising 13 CDSs and two rRNAs mitochondrial genes (no tRNAs) for 20 specimens
that was 13,410 bp, and the addition of the two nuclear CDS gave an alignment of 14,133 bp.

A mtdna 12S and 16S B 17 mtDNA genes C just nuclear data
100 GH762 100:GH762 100 GH762

GH1576 GH1576 L ahisre
83 Taz3
_LTaz4

GH1387

GH3167
GH1295

0.002

D 17 genes no 3rd codon E  AA 13 mtDNA and 2 histones F mtdnaCDS,histones,45S

100 GH762 100 GH762
GH1576

FIGURE 4. Phylogenetic hypothesis for the New Zealand alpine grasshoppers inferred from combinations of mitochondrial
and nuclear genes.

We also analysed the concatenated nuclear data (histones and 45S rRNA) that comprised a low level of variation
in a separate analysis of two partitions (CDS, rRNA) with GTR+F models selected by BIC and using 10,000 bootstrap
replicates. Phylogenetic signal from these partitions was limited but we found support for the pairings: GH5 and
GH60 (98%), GH1387 and GH 3167 (99%), GH1371 and GH1404 (98%), AC25 and GH749 (100%), consistent with
the results using mitochondrial data (see Table 2 for species details). Maximum likelihood phylogenetic analyses
of New Zealand Alpinacris, Brachaspis, Paprides and Sigaus grasshoppers using combinations of mtDNA CDS,
nuclear histones, and nuclear 45D rDNA cassette, and partitions of these data, returned the same topology (Figure
3). None were consistent with current generic classification. All analyses yielded paraphyly of Alpinacris, Paprides
and Sigaus even though Alpinacris and Paprides consist of just two species. Only the two congeneric species under
the current scheme (Brachaspis) were consistently grouped as sister to one another in the analysis (Fig. 4).

Exclusion of 3™ codon positions from analysis of protein coding genes (13 mtDNA CDS and 2 histones), which
by site saturation might mislead phylogenetic inference, resulted in a tree with the same topology but slightly
reduced bootstrap support on one internal node. This suggests that not all 3% codons were saturated. As an alternative
approach we translated the alignment of 13 mtDNA protein coding genes with the invertebrate mitochondrial code
yielding 3,960 amino acid residues of which 831 were variable. Analysis of this aa alignment specifying mtMet+R3
model chosen according to BIC, resulted in the same topology as trees built from nucleotide data, with the exception
of the position of P. dugdali (GH830; Figure 4).
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FIGURE 5. Alternative topologies among 11 representative species of Aotearoa New Zealand grasshopper used to test
compatibility of existing taxonomic treatment. A) unconstrained ML phylogeny of 15 protein coding genes, and B) the same
data with congeneric species constrained to monophyly is a significantly less-likely tree.

We applied atopology test based on the expectation that the current systematic treatment portrays the evolutionary
relationships among the grasshopper taxa (Figure 1). Analysis of the alignment of 15 CDS sequences (mtDNA and
histone) for 11 ingroup taxa with and without topological constraint (Figure 5) showed a statistically poor fit of the
data to monophyly of the current genera (Table 3). The current genus level taxonomy can therefore be rejected as it
does not reflect evolutionary relationships.

TABLE 3. Tree topology tests for Aotearoa New Zealand alpine grasshopper species, considering unconstrained topology
(Fig.5A) and a topology constrained (Fig.5B) to retained generic groupings. DeltaL is logL difference from the maximal
logl in the set; bp-RELL, bootstrap proportion using RELL method (Kishino et al. 1990); p-KH, p-value of one sided
Kishino-Hasegawa test (1989); p-SH, p-value of Shimodaira-Hasegawa test (1999); c-ELW, Expected Likelihood Weight
(Strimmer & Rambaut 2002); p-Au, p-value of approximately unbiased (Au) test (Shimodaira 2002). Plus signs denote
the 95% confidence sets and minus signs denote significant exclusion.

Tree logL deltaLL Bp-RELL p-KH p-SH c-ELW p-AU
Constrained —47823.18779 74.577 0- 0- 0- 47808 0.000152 —
unconstrained —47748.61053 0 1+ 1+ 1+ 1+ 1+
Discussion

More than a hundred and twenty years ago Captain Frederick Wollaston Hutton published his accounts of New
Zealand grasshoppers, seeking to describe the native Acrididae “...before they vanish” (Hutton 1897). He recognised
that there was extensive undocumented diversity occupying a range of habitats across the country, but noted too,
declines of many populations in the period since European settlement. Hutton’s predictions are being born out and
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threats from climate change, exotic weeds and pests, and intensified land modification are predicted to accelerate
this process (Dowle et al. 2014; Sivyer et al. 2018; Carmelet et al. 2021; Morgan-Richards et al. 2001; Koot et al.
2021; Meza-Joya et al. 2023).

Analysis of substantial grasshopper mitochondrial and nuclear DNA sequence data yields a well-resolved
phylogenetic hypothesis where the radiation of New Zealand alpine grasshoppers are monophyletic and sister to
the two Tasmanian species sampled. The close relationship between Tasmanian Russalpiina and New Zealand
Sigaus was first suggested by Bigelow (1967), who noted similarities in their ecology and the internal genitalia of
males of the Tasmanian Russalpia species. Key (1991) suggested a resemblance between the male genitalia of New
Zealand Paprides and Brachaspis with the Tasmanian Tasmaniacris, similarity of wing atrophy, and lack of audible
communication. More extensive sampling of southern Catantopinae is required to better test this putative sister
relationship.

Generic assignment

Although phylogenetic analyses of the mitochondrial and nuclear molecular data gave consistent results, these are
not consistent with the grouping of species predicted by current classification using four genera. We do not find
four reciprocally monophyletic clades as was expected, and neither of the putatively congeneric species pairs within
Alpinacris and Paprides emerge as sister lineages. Instead Alpinacris tumidicauda is sister to Sigaus australis rather
than 4. crassicauda. In our phylogenetic analysis Sigaus villosus is not found to be closely related to Brachaspis,
although initially being placed in Brachaspis because of similarities in colour and shape (Salmon 1950). Nor is S.
australis found to be closely related to members of Paprides, despite formerly being classified in this genus and
displaying confusing similarity of pronotum shape and texture with P. nitidus. The phenotypic similarity of S. childi
(within S. australis diversity) and S. minutus also demonstrates how morphological convergence among species can
obscure taxonomic relatedness and thus phylogenetic relationships. The most parsimonious taxonomic solution is
to place all thirteen species currently recognised within this radiation into the genus Sigaus.

Hutton was the first to assign endemic New Zealand alpine acridids to multiple genera (Hutton 1897), but the
generic placement of species within this radiation has varied since then (Figure 1A). The taxonomic revision of
New Zealand Acrididae by Bigelow (1967) focused on male genitalic structures following Dirsh (1956a, b), and
appropriately transferred New Zealand species from the Australasian genus Trigoniza to Sigaus. Bigelow (1967) also
established Alpinacris with two new species and moved two described species from one genus to another (Figure 1A
and Table 1). Despite using male genitalia and suggesting the genus Sigaus could be distinguished by features such
as the combination of apical tooth on hind femora, and ratio of antennae and hind femur length, Bigelow (1967)
also acknowledged that “Sigaus species share numerous similarities, but few of these are universally present in all
species, and many are present also in species of other genera”.

Is the male epiphallus useful for grasshopper systematics?

Bigelow (1967) believed that features of the internal male genitalia were the most useful traits for the classification
of New Zealand grasshoppers, stating that the complexity of these structures makes them more evolutionarily
informative than external traits that tend to display minor variation within and between species. While the male
epiphallus appears to provide some useful information in higher level grasshopper systematics (Song 2010), the
failure to identify homologous features, use appropriate levels of sampling for comparison, or undertake any formal
analysis limits confidence in the existing treatment of New Zealand grasshoppers (c.f. for example Marifio-Pérez &
Song 2017). In some grasshoppers, intraspecific variation in dimensions of epiphallic structures exceeds interspecific
variation, and different methods used for preparation of the epiphallus for examination can result in additional
inconsistencies (e.g., Hochkirch 2001). Studies that have combined molecular and morphological information have
identified inconsistent variation in genitalic structures such as the acridid epiphallus (e.g., Zahid et al. 2021), and
this appears to be a common source of paraphyly in grasshopper taxonomy reliant on morphological traits (Marifio-
Pérez & Song 2017; Song et al. 2018; Zahid et al. 2021). In the radiation of New Zealand grasshoppers we find no
compelling evidence in the shape of the epiphallus to justify any particular groups or even pairs of species that might
form the basis of a genus classification (Figure 6).
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FIGURE 6. Morphological features of adult mawhitiwhiti Aotearoa New Zealand grasshoppers helpful for species
identification, mapped to the molecular phylogeny. Drawings of the male internal reproductive structure (epiphallus) from
Bigelow (1967) and are not to scale.

Systematics and synonymy of Mawhitiwhiti Aotearoa—New Zealand’s alpine grasshoppers

We find the molecular phylogenetic and morphological evidence do not support the current or previous taxonomic
treatment. A consideration of the pronotum and terminalia of adult specimens reveals species-specific differences
that are valuable for identification at that level, but fails to provide compelling evidence for species groups justifying
distinct genera (Figure 6). Well-supported pairings of species lineages do not, in most cases, correspond with current
genera and support for some deeper nodes is, despite a large amount of sequence data, poor. This suggests an
evolutionary history involving relatively rapid and concurrent lineage diversification. The taxonomic solution we
favour is synonymy of all of Brachaspis, Alpinacris and Paprides species into the genus Sigaus Hutton 1897 which
has precedence. This yields the following new combinations: Sigaus nitidus (Hutton 1897), Sigaus dugdali (Bigelow
1967), Sigaus crassicauda (Bigelow 1967), Sigaus tumidicauda (Bigelow 1967), Sigaus crassicauda (Bigelow
1967), Sigaus nivalis (Hutton 1897), Sigaus collinus (Hutton 1897), Sigaus robustus (Bigelow 1967). The type
species remains, as originally established, Sigaus piliferus Hutton 1897. Unfortunately the single female holotype
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proposed by Hutton is missing; it was not found by Bigelow (1967) who investigated New Zealand collections. A
recent check of the collections at Canterbury Museum in 2023 produced a negative result but confirmed that the
neotypes prepared by Bigelow (1967) are in good order (Figure 7). These neotypes therefore also represent the
Sigaus genus, a monophyletic group of grasshoppers endemic to New Zealand.

2007 166.279
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FIGURE 7. Sigaus piliferus Hutton 1897. Anterior, lateral and dorsal views of neotypes (Bigelow 1967) at Canterbury Museum,
New Zealand. A) NEOTYPE, adult male, Pohangina Saddle, East Ruahine Range, 4600 feet (~1400 metres) asl, 27 February
1965, R & A Hilson, CM2007.177.279. B) NEOALLOTYPE, adult female, Pohangina Saddle, East Ruahine Range, 4600 feet
(~1400 metres) asl, 27 February 1965, R & A Hilson, CM2007.177.280. Photographs courtesy of Jonathon Ridden.
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Hutton (1897) did not provide etymology for the names he used; however, it is most likely that the name Sigaus
derives from the Greek ciydm (sigdo) meaning to be silent or to keep silent. The name Sigaus could be interpreted as
‘silent one’, which is applicable to all the species of this endemic radiation. All species lack fully developed wings
and elytra, and their tegmina are too short to engage with movements of hind legs in the usual stridulatory behaviour
of short-horn grasshoppers (Greenfield 1997). Stridulatory pegs found on the hind femora of other Acrididae (e.g.,
Pitkin 1976) are absent from the New Zealand radiation. The genus Sigaus in the classification of Bigelow (1967)
had already spanned the most divergent species among the monophyletic group in terms of morphology, habitat,
ecology and body size (Figure 1), so its application to additional species is not problematic in that regard. This
classification of mawhitiwhiti Aotearoa simplifies the taxonomy, leaving the distinct ecological, behavioural and
morphological features (e.g. Schori ef al. 2020; Meza-Hoya et al. 2022; Nakano et al. 2022) of each species lineage
to be explored without the distraction of relationships implied by artificial and unnecessary partitions that do not
reflect their evolutionary ancestry.

Sigaus are flightless, silent acridids with short tegmina; up to five times as long as wide and extending to second
abdominal tergite (e.g. S. campestris), about twice as long as wide and extending beyond first abdominal tergite
(e.g. S. australis), or very short and rounded and no longer than metanotum (e.g. S. robustus comb. nov.). Adult
size is greatest in females but varies considerably among species with smallest (~10mm) individuals being male
S. minutus (~10mm) and largest (~50mm) being female S. villosus (Figure 1B). Prosternal spine blunt or rounded.
Profile of antenna (21-25 segments) rounded to flattened dorso-ventrally especially in males of some species (e.g.
S. australis). Lateral carina on pronota range from more acute to absent. Colouration, pattern and texture varies
within and between species. External appearance appears associated with crypsis in principle microhabitats; e.g. S.
villosus and S. nivalis comb. nov. living on rock have rounded pronotal margins, rugose texture and grey or brown
tones, whereas, S. australis and S. nitidus comb. nov. in grassland have more acute pronotal carina, often bold colour
patterns with linear markings. Dorsal transverse pronotal sulci vary from three usually distinct and intact (e.g. S.
australis), two (e.g. S. nitidus comb. nov.) or one (e.g. S. crassicauda comb. nov.). Posterior margin of pronotum
with mesal indentation and variously sinuous (e.g. S. villosus), triangular (e.g. S. dugdali comb. nov.) or toothed
(e.g. S. campestris) in profile. All species are endemic to Aotearoa New Zealand.
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