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Abstract 

In some habitats, multiple related species coexist without competitive exclusion. This is possibly 

because sympatric species have adapted to use different resources in their habitat, such as shelter 

and food. Sympatric species may also have sophisticated mate recognition to avoid hybridization 

and maximises reproductive fitness. Therefore, exploring resources, feeding and sensory 

structures and sexual communication systems would allow us to understand how species coexist 

and maintain diversity. 

In central South Island, three endemic species of New Zealand alpine grasshoppers Brachaspis 

nivalis, Sigaus australis and Paprides nitidus (Orthoptera: Acrididae) occur in sympatry at high 

elevation (>1200 m above sea level). Past studies showed that these species are closely related 

and each have a preference for a particular vegetation type (rock/scree or vegetated), but their 

communication systems have never been explored. Insects rely on chemical cues to locate and 

recognize their food and mates but the majority of chemical communication systems in acridid 

grasshoppers are focused on economically important species (locusts). Thus, this is the first 

study to explore chemoreception in the New Zealand endemic grasshopper radiation. 

In this thesis, I first reviewed current knowledge of chemical ecology and olfaction in acridid 

grasshoppers to understand the tools and techniques used to investigate chemoreception and 

chemical ecology in insects (Chapter 2). Then, I investigated mechanisms of the coexistence of 

B. nivalis, S. australis and P.nitidus by examining their diet, mandible morphology (Chapter 3),

antennal sensory organs i.e., sensilla (Chapter 4), olfactory perception of plant volatiles (Chapter 

5) and chemical profiles (Chapter 6).
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Chapter 1 

General Introduction 
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1.1 New Zealand alpine grasshoppers 

Short-horned grasshoppers belong to the insect subfamily of Caelifera (Acrididae) of 

orthopteran insects. They are a diverse group with over 6,700 species in 26 subfamilies and a 

global distribution (Song et al. 2018, 2020). Most grasshoppers are herbivorous and are 

important components in grassland food webs, influencing plant biodiversity and productivity 

(Tilman et al. 1998; Belovsky and Slade 2000, 2018).  In New Zealand, most grasslands are 

at high elevation and most endemic grasshoppers are alpine adapted (Bigelow 1967).  

There are 16 endemic New Zealand grasshopper species, 14 of which belong within four 

endemic genera: Sigaus, Paprides, Brachaspis and Alpinacris (Trewick and Morris 2008). 

They are all found in South Island, except for Sigaus piliferus which is found only in North 

Island (Bigelow 1967). Morphological traits including body colour patterns, total body 

length, shapes and size of the head, pronotum, antennae, male genitalia, female subgenital 

plate, femora and tegmina are used to classify New Zealand grasshoppers (Bigelow 1967; 

White 1994; Trewick 2001; Morris 2002; Trewick and Morris 2008; Dowle et al. 2014; 

Carmelet-Rescan et al. 2021). Phylogenetic analysis showed New Zealand alpine 

grasshoppers form a monophyletic clade in relation to global Acrididae species. The New 

Zealand radiation was dated to approximately 15 million years ago and is sister to cold-

adapted species in Tasmania (Koot et al. 2020). The 14 endemic New Zealand species do not 

form monophyletic clades that correspond to the four described genera (Koot 2018; Koot et 

al. 2020; Trewick et al. 2023), and their evolutionary relationships suggest that 

reclassification of the New Zealand grasshopper taxa is required (Trewick et al. 2023). Better 

understandings of their ecology (e.g., diet, communication systems) may contribute to their 

systematics and conservation.  
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Grasshoppers in New Zealand are flightless and show colour patterns that match their 

background (Figure 1.1) considered to be an adaptation against visual predators (e.g., birds, 

lizards: Schori et al. 2019; Trewick and Morris 2008; White 1994; White and Sedcole 1991). 

Alpine grasshopper species predominantly occur above the tree line (>1200m above sea 

level: m.a.s.l.) and show physiological and behavioural adaptations to cope with harsh 

environments in the alpine zone (Bigelow 1967; Hawes 2015). Variation in food plants and 

habitat (elevation and vegetation types) preferences have been observed among these species 

(Table 1.1). 

Figure 1.1 Grasshopper coloration of three alpine New Zealand species helps with camouflage Brachaspis 
nivalis male (A), Paprides nitidus male (B) and Sigaus australis female (C). 
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males and females of the three species and I propose mechanisms of sensory adaptation to 

diet and explore their sexual communication systems. 

Chapter 2: Chemical ecology and olfaction in short-horned grasshoppers were 

reviewed to understand chemical communication systems in grasshoppers and to 

identify current knowledge gaps. This chapter provides the background necessary to 

understand the role of chemical communication in finding food and mates in acridid 

grasshoppers. As New Zealand grasshoppers are silent, chemical communication is 

likely to be very important in this lineage. This manuscript has been published in the 

Journal of Chemical Ecology. 

 

Chapter 3: Food plants in sympatric alpine grasshoppers were investigated by 

processing DNA metabarcoding with chloroplast primers (rbcL and trnL) and 

microhistological epidermal analysis using gut contents. Mandible morphology (size 

and the proportion of melanized area) was compared among species and between 

sexes to infer adaptation to their food plants. Identification of resource-partitioning 

requires detailed knowledge of food plants consumed so the objective of this chapter 

was to identify the species of plant eaten by the three grasshopper species when 

collected from the same habitat. This would allow me to determine if species- and 

sex-specific use of resources involved differential food plant choice by adults.  

 

Chapter 4: Types, distribution and abundance of sensilla on antennae were 

observed using a scanning electron microscopy (SEM) to explore different sensory 

capabilities among species and between sexes of alpine grasshoppers. Species that 
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rely on chemical communication for feeding and mating could be specialised for the 

detection of short- or long-range chemical cues and species- and sex-specific 

differences of antennal sensilla offer opportunity to identify niche differentiation and 

sex roles. The objective of this chapter was to provide a basic understanding of 

sensory systems in the three grasshopper species to aid studies of food (Chapter 5) 

and mate (Chapter 6) recognition systems. This manuscript has been published in 

Zoomophology. 

 
Chapter 5: Sensory adaptation to food plants was explored by analysing chemical 

components of grasshopper food plants and recording electrophysiological responses 

to plant chemicals. Sympatric species are expected to have species-specific 

preferences for particular plants to avoid competition (Chapter 3) and the ability to 

recognise their favourite food. The objective of this chapter was to identify species-

specific sensitivity to plant volatiles that may correspond to their antennal sensilla 

abundance (Chapter 4), plant preferences, and habitat vegetation composition. 

 

Chapter 6: Sexual communication systems were explored by analysing cuticular 

hydrocarbons (CHCs) to identify species and/or sex specific chemicals that might be 

used for sexual communication. Characterising species- and sex-specific chemical 

profiles allowed me to understand whether or not these species rely on chemical cues 

in mate recognition, their sex roles, and whether long-distance (volatiles) or short-

distance (CHCs) signals are involved. This would contribute to the understanding of 

mechanisms that facilitate maintenance of species diversity within a habitat. 
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Chapter 2 

Chemical ecology and olfaction in short-horned grasshoppers 

(Orthoptera: Acrididae)  

(Published in the Journal of Chemical Ecology) 
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Chapter 3 

A comparative approach to understand the food plants of three 

species of New Zealand Alpine Grasshoppers 
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3.1 Introduction 

Under ecological theory species that are similar in their use of resources are less likely to 

coexist, however many generalist herbivores such as grasshoppers occupy the same habitat 

and seem to coexist despite using essentially the same resources (Kaplan and Denno 2007; 

Behmer and Joern 2008). The range of plants eaten by each herbivore species within a 

resource-partitioning framework might involve differences in proportions or tissue types 

rather than species eaten, or micro-habitat partitioning (Behmer and Joern 2008). This chapter 

focuses on diet, but the availability of food is only one factor influencing species coexistence. 

Others factors such as access to oviposition sites, climatic variation etc and indirect biotic 

interactions such as parasites and predators might also limit abundance and reduce 

competition to explain coexistence (Kaplan and Denno 2007). 

Although the majority of short-horned grasshoppers (Acrididae) eat more than one type of 

plant (oligophagous or polyphagous; Joern 1979; Behmer and Joern 2008; Ibanez et al. 

2013), animals are selective feeders, eating a subset of available plant species (Joern 1979b; 

Ibanez et al. 2013a). Among grasshoppers species that have been studied, some appear to 

feed only on herbaceous dicots (forbivorous) or only on monocots (graminivorous), whereas 

others are mixed feeders (ambivorous) but may have a preference for dicots or grasses (Joern 

1979b; Ibanez et al. 2013a; McClenaghan et al. 2015). In addition to selecting among 

available plant species, different parts of particular plants are consumed (Watson 1970; White 

and Watson 1972).  

In the New Zealand alpine zone, the grasshoppers Brachaspis nivalis, Sigaus australis and 

Paprides nitidus co-occur across much of their spatial distribution. In the Craigieburn Range, 

these grasshoppers are known to feed on more than 100 plant species present in the area 







 43 

analysis (e.g., Watson 1970; Joern 1979; Trewick 1996; Soininen et al. 2009) or DNA 

metabarcoding of gut content or frass/faeces (e.g. Jurado-Rivera et al. 2009; Soininen et al. 

2009; McClenaghan et al. 2015; Mallott et al. 2018; Welti et al. 2019). The chloroplast genes 

ribulose-1,5-bisphosphate carboxylase-oxygenase (rbcL also known as RuBisCo, rubisco, 

RuBPCase, or RuBPco) and an intron of transfer RNA leucine (trnL) are commonly 

sequenced as primers for these chloroplast regions are able to amplify a wide range of plant 

taxa making them useful for plant DNA metabarcoding (McClenaghan et al. 2015; Mallott et 

al. 2018).  

Here, I investigated mandible morphology of sympatric adult males and females of three 

grasshopper species and gathered data on the plant species they consumed using epidermal 

analysis and amplicon sequencing. I predict that males and females of three alpine 

grasshopper species would diverge in mandible morphology and diet. I also evaluated the 

precision and taxonomic resolution of DNA metabarcoding between rbcL and trnL. 
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3.2 Materials and Methods 

Adult grasshoppers of Brachaspis nivalis, Sigaus australis and Paprides nitidus and reference 

plant materials were collected from the mountains in central South Island (and North Island 

in case of some plant specimens) for mandible and gut content analyses (Figure 3.2). 

Grasshopper specimens used for mandible analysis and gut content analysis were collected at 

different years and sites (Supplementary Table 3.2). Gut content analysis includes DNA and 

microhistological epidermal analysis, and different gut sections were used for each analysis 

(Figure 3.2).   

 

Figure 3.2 Collection sites and sample size of grasshopper and reference plant specimens used for 
mandible and gut content analyses. Detailed sample sizes of grasshopper specimens and a list of plant 
species collected are in Supplementary Tables 3.2 & 3.3.  

 

Mandible morphological measurements and statistical analysis 

Grasshopper specimens used for mandibular analysis were from the Phoenix Lab collection 

(Massey University) collected from Mount Hutt Ski Area (-43.5118, 171.5492) and Fox Peak 

Ski Area (-43.8530, 170.8077) in February 2016 (authorization number: 49878-RES) and 

additional specimens collected from Broken River Ski Area (-43.125750, 171.686239) in 

February 2021 (authorization number: 97397-FLO) with authority from the New Zealand 

Department of Conservation and ski area operators. Between 16 and 24 ethanol preserved 
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grasshoppers of each sex and species were used for the mandible analysis. The left mandible 

of each specimen was excised and three linear measurements made between four homologous 

points based on studies by Patterson (1983, 1984): incisive length (length from posterior 

articular process to the tip of the second incisor), molar length (length from the articular 

process to the tip of the second molar) and articular hinge length (length between the 

posterior and anterior processes) (Figure 3.3).  Measurements were performed using a Leica 

stereo microscope (SM225, Olympus, Japan) equipped with a digital camera (SC180, 

Olympus, Japan) and imaging software (NIS-Elements 5.01, Nikon Instruments Inc., USA). 

For consistency, measurement points were aligned under the microscope in the same 

horizontal plane by adjusting the points in focus. Each measurement was taken two or three 

times on different days and the average was used as the final measurement.  

 

 

Figure 3.3 Internal view of the left mandible from female Brachaspis nivalis grasshopper. ID = incisor 
dents, M = molar dents, PP = posterior articular process, AP = anterior articular process (Patterson 1983, 
1984). Articulation hinge (PP to AP), incisor (PP to ID) and molar (AP to MD) lengths were measured. 
Scale bar = 1mm. 
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Gut content analysis 

Plant epidermal analysis 

For analysis of gut content, 12 adult grasshoppers (n=2 per sex per species) were collected at 

Mount Hutt Ski Area at 1600 m.a.s.l (-43.495870, 171.539220) in February 2022 

(authorization number: 97397-FLO) within a small (20 m2) patch of habitat (Figure 3.5) to 

minimize confounding variation in vegetation available to them. Each specimen was 

preserved in 99% ethanol upon collection with incised abdomen to maximize preservation of 

DNA in gut contents.   

 

Figure 3.5 Habitat patch near Mount Hutt Ski Area (-43.495870, 171.539220), where Brachaspis nivalis, 
Paprides nitidus and Sigaus australis were collected for gut content analysis. 

 

Midgut and hindgut contents were dissected from grasshoppers and cleaned in bleach for 10 

minutes. Plant fragments were washed with water and 70 % ethanol, spread on a slide, and 

stained with basic fuchsin stain gel (water 60 g, glycerin 17.5 g, gelatin 10 g, Listerine 2.5 g). 

Reference collection of epidermal tissue mounted on microscope slides was prepared for 31 

plant species collected from Broken River Ski Area (-43.125750, 171.686239) in 2021 and 







https://apc01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.customscience.co.nz%2F&data=05%7C01%7CM.Morgan-Richards%40massey.ac.nz%7C1c1f9d5134c74e44cff908da8b05c8dd%7C388728e1bbd0437898dcf8682e644300%7C1%7C0%7C637975154256912895%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=AhnzmuUqHBMeJcOmglAgGb3TVC2A6MzawyTBPi2nj3M%3D&reserved=0
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Metabarcoding  

The amplicon 250PE sequences were filtered, denoised and merged to produce amplicon 

sequence variants (ASVs), using DADA2 in the QIIME2 (version 2022.8) platform (Bolyen et 

al. 2019). Analysis of rbcL sequence used merged paired-end and the forward read only was 

used for trnL sequences. This was because the merging rate was low in trnL sequences (<10 

% for most of the samples) compared to rbcL (>80 %). The trnL region is typically more 

than 500 bp long so 250 bp PE reads do not overlap, whereas the 379 bp rbcL fragment was 

easily covered by 250 bp sequences from either end of the fragments. After filtering and 

denoising (and merging in case of rbcL), ASV sequences were blasted against the global 

QIIME2 rbcL reference database (Dubois et al. 2022) or global custom QIIME2 trnL 

reference database. The custom reference database for trnL was created using the DB4Q2 

workflow (Dubois et al. 2022), after retrieving FASTA nucleotide data from the NCBI 

website (https://www.ncbi.nlm.nih.gov/) accessed on 8th October 2022 using the following 

Entrez text query: ("Viridiplantae"[Organism] AND (trnL[Gene Name] OR tRNA-Leu[Title] OR (trnL-

trnF[Title] AND intergenic spacer[Title]) OR trnL[Title])  

The presence/absence of identified plant taxa in Mount Hutt were confirmed using New 

Zealand Plant Conservation Network database (https://www.nzpcn.org.nz/) and iNaturalist 

(https://www.inaturalist.org/). Details of commands used in QIIME2 are provided in 

Supplementary Material. 
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3.3 Results 

Mandible analysis 

Morphometric data were obtained from mandibles of 124 grasshoppers (Supplementary Table 

3.2). Principal component analysis (PCA) of mandible size and shape revealed that male and 

female S. australis and P. nitidus have distinctive shape features, in contrast to the overlap in 

PC distribution scores from female and male B. nivalis. The largest component (PC1) 

explained 75.8 % of variation contributed by length of incisor, molar and articulation hinge, 

suggesting this component is largely describing size variation among the grasshopper 

mandibles.  The second largest component of variation (PC2; 20.4 %) partially separated 

individuals according to species (Figure 3.7) and reflected differences in the area of 

mandibular melanization.  

 

Figure 3.7 Principal component analysis (PCA) of mandibular traits (incisor length, molar length, 
articulation hinge length and melanized area) and body lengths of New Zealand grasshopper Sigaus 
australis, Paprides nitidus and Brachaspis nivalis. The ellipses show the 95% confidence areas around the 
centroids for each species and sex. 
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Table 3.1 Plants identified from tissue fragments in the mid and hind guts of New Zealand alpine grasshoppers Brachaspis nivalis, Paprides nitidus and Sigaus 
australis in the Mount Hutt area. 

Family Species 
B. nivalis P. nitidus S. australis 

BF1 BF2 BM1 BM2 PF1 PF2 PM1 PM2 SF1 SF2 SM1 SM2 

Juncaceae Luzula rufa 
(Figure 9A, B) 

 + + +  +  +     

Asteraceae Celmisia discolor 
(Figure 9C, D) +            

Gentianaceae Gentianella corymbifera 
(Figure 9E, F) 

     +  + +    

Onagraceae Epilobium spp. 
(Figure 9G, H) 

 +           

Apiaceae Anisotom aromatica 
(Figure 9I, J) 

 +      +  + + + 
Ericaceae Gaultheria spp. 

(Figure 9K, L) 
      +      
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DNA metabarcoding 

A total of 1422 amplicon sequence variants (ASVs) of rbcL, and 9021 ASVs of trnL were 

initially identified from crops of 12 grasshoppers after filtering, denoising, merging and 

removing chimera (Table 3.2). Rare sequences that might be the result of sequencing error 

were discarded: ASVs containing <50 reads (rbcL) or <500 reads (trnL) were removed from 

the analysis (Table 3.3). This reduced the number of ASVs to 138 for rbcL, and 85 for trnL, 

while retaining >99% of reads for all samples.  

Table 3.2 Plant chloroplast rbcL and trnL sequence reads from PCR amplicons of gut contents of 12 New 
Zealand alpine grasshoppers collected at Mount Hutt after filtering, denoising, merging (for rbcL) and 
removing chimeric sequences. 

Species Sex Sample 
ID 

Total 
sequences Filtered Denoised Merged Chimera 

removed 
rbcL        

B. nivalis 
F 

BF1 121659 107782 107613 107018 101019 
BF2 111538 98149 97848 97173 91994 

M 
BM1 114520 100083 99437 93596 89627 
BM2 129647 113916 113409 112359 107984 

P. nitidus 
F 

PF1 132535 115912 115368 112833 108899 
PF2 136575 112917 112357 94280 91938 

M 
PM1 116057 101512 101297 100682 93457 
PM2 136358 119397 119105 118436 111997 

S. australis 
F 

SF1 111371 98703 98544 98138 92372 
SF2 133630 117499 116887 115376 105046 

M 
SM1 128495 112542 112393 111404 100375 
SM2 124271 109785 109497 108626 103223 

trnL         

B. nivalis 
F 

BF1 271040 248066 247120 NA 233537 
BF2 263601 232716 230770  221389 

M 
BM1 120809 106943 102233  93953 
BM2 255380 228585 224327  218692 

P. nitidus 
F 

PF1 251844 233207 231042  227800 
PF2 268206 242889 238745  224529 

M 
PM1 282425 240277 239283  237275 
PM2 274978 233936 233382  228211 

S. australis 
F 

SF1 265134 244851 243720  240002 
SF2 280379 253441 250755  241903 

M 
SM1 250361 220117 219263  213791 
SM2 268475 248014 246531  241017 
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Table 3.3 Number of amplicon sequence variants (ASVs) before and after removal of rare ASVs (ASVs 
containing <50 reads in rbcL and <500 reads in trnL). 

Species Sex Sample 
ID 

rbcL trnL 
before after before after 

B. nivalis 

F BF1 55 25 228 30 
 BF2 47 29 410 33 
M BM1 321 67 1322 43 
 BM2 170 26 1122 47 

P. nitidus 

F PF1 286 20 604 49 
 PF2 480 62 1423 37 
M PM1 39 30 174 30 
 PM2 28 22 80 28 

S. australis 

F SF1 38 15 129 29 
 SF2 174 29 849 30 
M SM1 33 25 289 36 
 SM2 61 20 287 28 

 

The proportion of ASVs identified to family, genus and species level varied among samples 

(Supplementary Table 3.4). A larger proportion of rbcL ASVs were identified only to family 

level (on average 95.8%) than trnL ASVs (88.4%). The proportion of ASVs identified to 

genus was lower in rbcL ASVs (50.6%) than trnL ASVs (85.1%). Sequences identified to 

species were low for both genes (0.1% to species in rbcL and 0.5% in trnL), and plant species 

identified were Calluna vulgaris (Ericaceae) in rbcL and Lobelia angulata (Campanulaceae), 

Chionochloa macra (Poaceae), Rumex acetosa (Polygonaceae), and Polytrichum juniperinum 

(Polytrichaceae) in trnL. Due to low taxonomic resolution at species level, further results will 

be focused on family and genus levels.  
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For both genes, at least four plant genera were identified in each grasshopper crop sample 

(Figure 3.10). In most grasshopper crop samples, more than 60% of sequences were assigned 

to one of these four taxa: shrub Gaultheria (Ericaceae), rush Luzula (Juncaceae), dicot herb 

Hieracium, shrub Olearia (Asteraceae). The exceptions were one B. nivalis male (BM1) with 

27.8% of trnL and 52.6% of rbcL sequences assigned to the shrub Veronica (Plantaginaceae) 

and one S. australis female (SF2) had 36.1% of trnL and 59.5% of rbcL sequences assigned 

to an unidentified Apiaceae taxon (Figure 3.10). The grass genus Poa (Poaceae) comprised 

<1% of sequences for all samples (both rbcL and trnL) except in one S. australis male (SM2) 

where 6.4% of rbcL and 1.2% of trnL sequences were assigned to Poa (Figure 3.10). The 

dicot family Gesneriaceae comprised <1% of sequences for all samples except one B. nivalis 

female (BF2) with 22.6% of trnL sequences assigned to Gesneriaceae. In all samples < 0.1% 

of trnL sequences were identified as Chionochloa (Poaceae) (not detected in rbcL) and <1% 

of trnL and rbcL sequences assigned to Lobelia (Campanulaceae), Celmisia (Asteraceae), 

Lupinus (Fabaceae), Kelleria (Thymelaeaceae). The dicot herb Rumex (Polygonaceae), 

Epilobium (Onagraceae), and Gentianella (Gentianaceae) comprised >1% of trnL sequences 

in some samples (Figure 3.10B).  None of the plant families, genera or species identified 

were eaten by just one particular species or sex of grasshopper.   
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Figure 3.10 Proportion of rbcL (A) and trnL (B) sequences assigned to specific genus and family. 
Different genera represented in different colors and different families represented in different patterns (if 
multiple genera are included within a family). Abbreviations: BF = Brachaspis nivalis female, BM = B. 
nivalis male, PF = Paprides nitidus female, PM = P. nitidus male, SF = S. australis female, SM = S. 
australis male. 
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3.4 Discussion 

Sympatric species are expected to respond to natural selection so that competition for the 

same resources is minimised, resulting in ecological differentiation (Kaplan and Denno 

2007). However, biotic and indirect interactions rather than resources might limit abundance 

so that different species co-occur at the same location. To investigate potential diet 

differences among three sympatric grasshopper species, mandible morphology and gut 

contents were compared.  

 

Mandible analysis 

Insect mandibles reveal adaptation to their food plants (Clissold 2007; Krenn 2019). The 

three alpine grasshoppers studied here (B. nivalis, P. nitidus and S. australis) have mandibles 

that are similar to other dicot-feeding species (Figure 3.1; Isely 1944; Chapman 1964; 

Gangwere 1965; Kang et al. 1999). Mandible measurements (articulation hinge, incisor and 

molar lengths) showed that females have larger mandibles than males. Sexual dimorphism in 

mandible size was more apparent than variation among the three species suggesting that sex 

differences in diet may be larger than species differences. These results suggest that females 

may feed on plant species with thicker leaves than males.  

The proportion of melanized area on the mandibles did not differ between sexes but S. 

australis had a larger melanized area than the other two species. As melanization in insects is 

related to cuticle hardening (Krenn 2019), it is possible that S. australis can feed on plants 

with tougher tissues compared to the other species. Toughness is a physical barrier against 

herbivores in plants and in one study, supplementation of the food grass Bromus catharticus 

with silicon increased the toughness of the plant and significantly reduced herbivory by the 

grasshopper Oxya grandis (Mir et al. 2019). Measuring toughness and size of grasshopper 
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food plants are further required to elucidate species and sex specific adaptation to food plants 

in New Zealand alpine grasshoppers.   

 

Gut content analysis 

Histology compared to DNA 

Food plants were identified in males and females of three alpine grasshopper species using 

microhistological epidermal analysis of gut contents and by amplifying rbcL and trnL 

chloroplast genes of crop contents. Plant identification of grasshoppers with 

microhistological analysis has been used for 50+ years (Watson 1970; Joern 1979b) but the 

use of DNA sequences to identify the plant species eaten by herbivores has rapidly increased 

over the last twenty years (Avanesyan et al. 2021). Comparison of DNA to microhistological 

analysis shows an improved taxonomic resolution of plant identification (Soininen et al. 

2009). In this study, I used the contents of the insect crop for DNA analysis and the contents 

of the mid and hind guts of the same specimens for histology. As DNA is expected to break 

down faster than cuticular structures, the plant fragments in the first stage of the digestive 

tract (crop) were considered to be optimal for amplicon sequencing. Many of the plant 

fragments were unidentified due to lack of distinguishing features and lack of reference 

material.  

Sequences assigned to one of four genera (Gaultheria (Ericaceae), Luzula (Juncaceae), 

Hieracium and Olearia (Asteraceae)) were detected in high proportion (>60%) in 11 of the 

12 grasshoppers sampled. Gaultheria and Luzula were detected in both DNA sequences and 

microhistological analysis of mid and hindgut contents. Unassigned Apiaceae DNA 
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sequences identified in crops are possibly Anisotome aromatica, which was detected in the 

mid- and hind-gut contents from epidermal structures. 

The plants identified from crops and guts of the same individual were not always the same. 

For example, Epilobium was detected only from one B. nivalis female (BF1) in mid and hind 

guts but some of the trnL sequences were assigned to Epilobium in two B. nivalis males, one 

P. nitidus male (PM2) and one S. australis male (SM1). Although both trnL and rbcL DNA 

sequences were assigned to Gaultheria in 11/12 grasshoppers, Gaultheria was detected only 

from P. nitidus male (PM1) in microhistological analysis. This likely reflects difference in 

sensitivity of the two methods and different feeding events. A crop is a temporary food 

reservoir in insects before absorption and digestion process in mid and hindguts (Terra and 

Ferreira 2009) and these results may show that there is a time gap before the plant parts are 

passed from crop to mid-gut. 

 

Comparing cpDNA regions 

DNA metabarcoding allows identification to family, genus and sometimes to species level 

even with degraded plants (Soininen et al. 2009; McClenaghan et al. 2015; Mallott et al. 

2018; Welti et al. 2019) as well as phloem and xylem that cannot be used for plant 

identification in microhistological analysis. On average, DNA metabarcoding allowed 

identification to plant families for 95.8% of rbcL and 88.4% of trnL sequences and even to 

genus (50.6% in rbcL and 85.1% in trnL) and species (0.1% in rbcL and 0.5% in trnL) in this 

study. The lower level of identification at family level for trnL DNA sequences possibly 

relates to the length of the DNA fragments (shorter for trnL as only one of the two paired end 

reads was used in this analysis), or to reference sequence data availability (Mallott et al. 

2018). Better taxonomic resolution in trnL than rbcL is because the DNA sequence of the 



 
 
 

65 
 

trnL-c and trnL-d region is more variable as it includes a group I intron which is non-coding 

(Taberlet et al. 2007) and therefore more taxon-specific than rbcL. Overall, DNA 

metabarcoding using trnL would be better for taxonomic identification in plants.  

One study showed taxonomic identification using global sequence database allowed only 

genus or family identification even in high-resolution trnL genes while using local database 

allowed identification to species level (Nakahara et al. 2016). In this study, low resolution of 

species identification using global database was also observed for both rbcL and trnL 

sequences. Therefore, preparing local-based database may improve the taxonomic resolution, 

although creating reference database DNA metabarcoding for all available plants is time-

consuming and expensive.  

 

Comparing plants in gut with plants in habitat 

Sequences assigned to Gaultheria (Ericaceae) or Luzula (Juncaceae), were detected in high 

proportion (>60 %) in five of the twelve grasshoppers I sampled from Mount Hutt. As these 

two plant genera were rare components of the vegetation but found in relatively high 

frequency in grasshopper gut contents, Watson (1970) considered them to be highly preferred 

food plants for all three alpine grasshopper species (Supplementary Table 3.1). In contrast, 

the tussock Chionochloa is the dominant species in Craigieburn (comprising >30% 

vegetation) but was rare in the grasshopper gut contents and therefore considered to be the 

least favoured plant by alpine grasshoppers (Watson 1970). I found Chionochloa comprised 

less than 0.1% of trnL sequences and was not detected in rbcL sequences or 

microhistological analysis, despite its high abundance at Mount Hutt where the grasshoppers 

were caught. Another common DNA sequence in the gut of the Mount Hutt grasshoppers was 

the hawkweed Hieracium species which was rare 50 years ago and the only species recorded 
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3.6 Supplementary Materials 

Below is the command used on QIIME2 for bioinformatic analysis: 

 

1. Converting data 
#fastq -> qza format (QIIME2 format)  

Ref: https://docs.qiime2.org/2022.8/tutorials/importing/?highlight=tool%20import 

qiime tools import \  

--type 'SampleData[SequencesWithQuality]' \  

--input-path manifest.txt \  

--output-path single-end-demux.qza  \  *paired-end-demux.qza if paired-end sequences 

--input-format SingleEndFastqManifestPhred33V2 

 

2. DADA2 denoising 
#Denoising  

Ref: https://docs.qiime2.org/2022.8/plugins/available/dada2/denoise-single/ 

qiime dada2 denoise-single \  *qiime dada2 denoise-paired if paired-end sequences 

--i-demultiplexed-seqs single-end-demux.qza \  

--p-trunc-len-f 0 \   

--p-trunc-len-r 0 \   

--o-table table.qza \  

--o-representative-sequences rep-seqs.qza \  

--o-denoising-stats denoising-stats.qza 

 

3. Data visualization (qzv files can be visualized in https://view.qiime2.org/) 
#Denoising summary: percentage and number of sequences after filtered, denoised, chimera 
removal (and merged if paired-end) 

qiime metadata tabulate \  

--m-input-file denoising-stats.qza \  

--o-visualization denoising_stats 

 

https://docs.qiime2.org/2022.8/tutorials/importing/?highlight=tool%20import
https://docs.qiime2.org/2022.8/plugins/available/dada2/denoise-single/
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#ASV summary table: list of consensus sequences and sequence length statistics 

qiime feature-table tabulate-seqs \  

--i-data rep-seqs.qza  \  

--o-visualization rep-seqs 

 

#ASV table: visualize the number of sequence per sample per ASV 

qiime tools export  

--input-path table.qza  

--output-path table 

 

4. Blasting ASVs against NCBI custom reference database 
qiime feature-classifier classify-consensus-blast \  

--i-query rep-seqs.qza \  

--i-reference-reads NCBI_fasta_file.qza \  *created using Dubois et al. 2022 

--i-reference-taxonomy NCBI_taxonomic_lineages.qza \  *created using Dubois et al. 2022 

--o-classification classified_sequence.qza \  

--o-search-results searchresults.qza 

 



 
 
 

74 
 

 
Supplementary Figure 3.1 Average ingestion frequency of plant genera and families observed in males 
and females of New Zealand alpine grasshopper Brachaspis nivalis, Paprides nitidus and Sigaus australis 
(data derived from Watson 1970). Ingestion frequency was calculated by dividing the number of ingestion 
recordings of particular plant by total number of plant ingestion recordings. Different genera represented in 
different colors and different families represented in different patterns (if multiple genera are included 
within a family). Abbreviations: BF = Brachaspis nivalis female, BM = B. nivalis male, PF = Paprides 
nitidus female, PM = P. nitidus male, SF = S. australis female, SM = S. australis male. 
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Supplementary Table 3.1 Preference level of plant species occurred in high frequency of gut contents of 
New Zealand alpine grasshoppers. Preference level measured by comparing ingestion frequency to 
vegetation frequency (derived from Watson 1970). Taxonomic name in bracket is the previously used 
name. 

  

Preference 
level Family Species Structural type 

Low Poaceae Chionochloa species grasses 
 Poaceae Rytidosperma setifolium 

(Notodanthonia setifolia) grasses 
 Poaceae Festuca novae-zelandiae grasses 
 Asteraceae Celmisia lyallii dicot herbs 
 Ericaceae Dracophyllum pronum shrubs 

Medium Poaceae Poa colensoi grasses 

 Asteraceae Celmisia spectabilis  
Celmisia viscosa dicot herbs 

 Apiaceae Aciphylla monroi dicot herbs 
 Blechnaceae Blechnum penna-marina ferns 
 Lycopodiaceae Lycopodium fastigiatum ferns 
 Polytrichaceae Polytrichum juniperinum mosses 

High Juncaceae Luzula rufa rushes 
 Apiaceae Anisotome aromatica dicot herbs 

 Campanulaceae 
Lobelia angulata 
(Pratia angulata) 
Wahlenbergia albomarginata 

dicot herbs 

 Ericaceae Gaultheria depressa shrubs 
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Supplementary Table 3.2 Collected sites (BR = Broken River Ski Area (-43.125750, 171.686239), MH = 
Mount Hutt Ski Area (-43.5118, 171.5492 for mandible analysis; -43.495870, 171.539220 for gut content 
analysis), FP = Fox Peak Ski Area (-43.8530, 170.8077)) and year and sample size of New Zealand alpine 
grasshoppers used in mandible analysis and DNA analysis.  

 Species Sex Population Collection 
Year 

Sample 
Size 

M
an

di
bl

e 
an

al
ys

is 

Brachaspis 
nivalis 

F 
BR 2021 10 
MH 2016 9 
FP 2016 1 

M 
BR 2021 11 
MH 2016 8 
FP 2016 5 

Paprides nitidus 

F 
BR 2021 7 
MH 2016 13 
FP 2016 2 

M 
BR 2021 12 
MH 2016 9 
FP 2016 3 

Sigaus australis 

F 
BR 2021 10 
MH 2016 4 
FP 2016 4 

M 
BR 2021 6 
MH 2016 5 
FP 2016 5 

G
ut

 c
on

te
nt

 
an

al
ys

is 

Brachaspis 
nivalis 

F MH 2022 2 
M MH 2022 2 

Paprides nitidus 
F MH 2022 2 
M MH 2022 2 

Sigaus australis 
F MH 2022 2 
M MH 2022 2 
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Supplementary Table 3.3 List of plant species collected for the reference materials of microhistological 
epidermal analysis. Specimens were collected from Broken River Ski Area (-43.125750, 171.686239) in 
2021 and Tongariro National Park (-39.197260,175.564351) and Foggy Peak (-43.294107,171.744770) in 
2022. 

Population Structural type Family Species 
Broken River Ski Area Monocot Grass Poaceae Chionochloa macra 
   Poaceae Chionochloa pallens 
   Poaceae Poa colensoi 
   Poaceae Rytidosperma 
 Dicot Herb Apiaceae Aciphylla aurea 
   Apiaceae Aciphylla monroi 
   Apiaceae Anisotome aromatica 
   Asteraceae Celmisia discolor 
   Asteraceae Celmisia lyallii 
   Asteraceae Celmisia spectabilis 
   Asteraceae Celmisia viscosa 
   Onagraceae Epilobium perplexum 
   Gentianaceae Gentianella corymbifera 
   Polygonaceae Rumex acetosella 
   Campanulaceae Wahlenbergia albomarginata 
 Dicot Shrub Ericaceae Dracophyllum spp. 
   Ericaceae Gaultheria depressa 
   Podocarpaceae Podocarpus nivalis 
   Plantaginaceae Veronica epacridea 
   Plantaginaceae Veronica lycopodioides 
   Plantaginaceae Veronica odora 
   Plantaginaceae Veronica pinguifolia 
 Fern  Blechnaceae Blechnum penna-marina 
   Blechnaceae Blechnum procerum 
     

Foggy Peak Monocot Grass Poaceae Chionochloa spp. 
  Rush Juncaceae Luzula rufa 
 Dicot Herb Asteraceae Celmisia spectabilis 
   Asteraceae Hypochaeris radicata 
   Asteraceae Pilosella officinarum 
   Gentianaceae Gentianella corymbifera 
   Gentianaceae Gentianella bellidifolia 
   Campanulaceae Wahlenbergia albomarginata 
 Dicot Shrub Coriariaceae Coriaria arborea 
   Ericaceae Gaultheria crassa 
     

Tongariro National 
Park Monocot Rush Juncaceae Luzula rufa 
 Dicot Herb Asteraceae Pilosella officinarum 
  Shrub Ericaceae Gaultheria antipoda 
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Supplementary Table 3.4 Comparison of plant taxonomic identification (%) from rbcL and trnL 
chloroplast to family, genus and species level.  Shading indicates a higher taxonomic identification from 
rbcL or trnL of the same sample. 

 
rbcL trnL 

 Brachaspis nivalis 

 BF1 BF2 BM1 BM2 BF1 BF2 BM1 BM2 

Order 99.4% 99.8% 82.3% 98.6% 99.0% 75.2% 62.5% 86.9% 

Family 99.4% 99.8% 82.3% 98.6% 99.0% 75.1% 62.5% 86.9% 

Genus 4.0% 91.9% 78.7% 95.1% 98.9% 75.1% 62.1% 85.9% 

Species 0.0% 0.0% 1.1% 0.0% 1.3% 0.0% 1.8% 0.7% 

 Paprides nitidus 

 PF1 PF2 PM1 PM2 PF1 PF2 PM1 PM2 

Order 94.9% 78.2% 99.8% 99.9% 91.7% 79.3% 99.2% 99.5% 

Family 94.9% 78.2% 99.8% 99.9% 91.7% 79.3% 99.2% 99.5% 

Genus 2.7% 4.9% 96.6% 93.1% 91.6% 79.2% 98.8% 99.5% 

Species 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 0.2% 

 Sigaus australis 

 SF1 SF2 SM1 SM2 SF1 SF2 SM1 SM2 

Order 99.6% 97.8% 99.9% 99.3% 99.5% 77.7% 96.5% 94.3% 

Family 99.6% 97.8% 99.9% 99.3% 99.5% 77.7% 96.5% 94.3% 

Genus 4.5% 22.6% 95.8% 17.1% 99.5% 40.5% 96.1% 93.5% 

Species 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 1.5% 
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Abstract
Brachaspis nivalis, Sigaus australis and Paprides nitidus are grasshopper species endemic to Aotearoa, New Zealand where 
they are sympatric in several regions of South Island. On mountains of K� Tiritiri o te Moana (Southern Alps), B. nivalis is 
more abundant on scree/rock habitat, whereas S. australis and P. nitidus are prevalent in alpine tussock and herb�elds. It is 
expected, therefore, that these species have di�erent sensory needs that are likely to be apparent in the type, abundance, and 
distribution of chemo-sensilla on their antennae. It is also likely that natural selection has resulted in sexual di�erences in 
sensilla. To test these hypotheses, abundance and distribution of the chemo-sensilla on the dorsal and ventral surfaces of their 
antennae were characterized in adult males and females of the three species. Five types of chemo-sensilla were identi�ed 
on the distal portion of their antenna: chaetica, basiconica, trichoidea, coeloconica, and cavity. All species had signi�cantly 
more chemo-sensilla on the ventral than the dorsal surface of antennae and a similar distribution pattern of chemo-sensilla. 
Despite having relatively short antenna, B. nivalis had the largest number of olfactory sensilla, but the fewest chaetica of the 
three species studied. A plausible explanation is that B. nivalis is abundant on� less vegetated habitats compared to the other 
species, and therefore may rely more on olfaction (distance) than gustatory (contact) reception for �nding food. No signi�-
cant di�erences were observed between the sexes of B. nivalis and P. nitidus, however, S. australis males had signi�cantly 
more basiconica sensilla than females.

Keywords  Acrididae�• Antenna�• Sensilla�• Sexual dimorphism�• Sympatry

Introduction

A sensillum is a sensory organ protruding through the 
impervious exoskeleton of an insect, allowing detection 
of chemicals, temperature, and movement (e.g., olfactory, 
gustatory, mechanical, hygro-receptive and thermo-receptive 
sensilla). In short-horned grasshoppers (Orthoptera, Acrid-
idae), chemical sensitive sensilla are abundant on struc-
tures including antennae (Altner et�al. 1981; Bland 1989; 
Chapman 1989; Chen et�al. 2003; Greenwood and Chap-
man 1984; Li et�al. 2007; Ochieng et�al. 1998; Roh et�al. 
2020), mouthparts (Blaney and Chapman 1969; Chapman 
1989; Jin et�al. 2006), legs (Mücke 1991; Yu et�al. 2011) 

and wings (Zhou et�al. 2008). The function of each sensilla 
can be inferred from its shape, size, presence and absence 
of pores and socket type (Bland 1989; Chapman 1989; Chen 
et�al. 2003; Garza et�al. 2021; Li et�al. 2007; Nowi�ska and 
Bro�ek 2017). For example, sensilla without pores (apor-
ous) and a �exible socket are considered to be mechano-
receptors, whereas sensilla with pore(s) and an in�exible 
socket are considered to be chemical receptors (Garza et�al. 
2021; Li et�al. 2007; Nowi�ska and Bro�ek 2017; Roh et�al. 
2020). Chemo-sensitive sensilla can have a single hole (uni-
porous) at the tip of the projection (apical pore) or have 
many pores (multi-porous or wall-pored), and these sensilla 
are responsible for gustation (contact chemoreception) and 
olfaction (distance chemoreception) respectively. The num-
ber and proportions of di�erent types of sensilla are likely 
to be species-speci�c and comparison of sensilla density and 
morphology among species can reveal important ecological 
di�erences (Nakano et�al. 2022).
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The abundance of sensilla of various types appears to be 
related to several ecological factors including the dietary 
range (i.e., monophagous, oligophagous, polyphagous: 
Bland 1989; Chen et�al. 2003; Zaim et�al. 2013), distribution 
and abundance of resources (i.e., mates and food: Green-
wood and Chapman 1984; Ochieng et�al. 1998) and sexual 
communication (i.e., signalers and receivers: Bland 1989; 
Chen et�al. 2003; Li et�al.�2007,�2021a; Malo et�al. 2004; 
Roh et�al. 2016). The inference that the sensitivity of an 
insect to its external environment depends on the abundance 
of sensilla (Bland 1989; Chapman 1989) is supported by 
observations using electro-physiological techniques, such as 
electroantennography (EAG) and single sensillum record-
ings (SSRs) (Ochieng and Hansson 1999; Chen and Kang 
2000; Malo et�al. 2004; Li et�al. 2021a). For example, the 
di�erent phases of locusts show characteristic abundance 
of sensilla on their antenna. Solitarious locusts (at low den-
sity) possess more olfactory sensilla (Ochieng et�al. 1998) 
with higher electrophysiological responses to some phero-
mone components compared to their high density gregarious 
phase (Ochieng and Hansson 1999). This is possibly because 
the solitarious locusts require higher olfactory sensitivity 
to locate conspeci�cs under low population density com-
pared to the gregarious phase (Hassanali et�al. 2005). Sexual 
role is also linked to  sensilla abundance and distribution, 
where receivers (typically males) have higher abundance 
of sensilla with higher olfactory sensitivity than signal-
ers (typically females), as�observed in a range of insects 
including grasshoppers (Chen and Kang 2000), beetles (Li 
et�al. 2021a,b) and moths (Malo et�al. 2004). A greater abun-
dance of chemo-receptive sensilla is therefore predicted for 
those species that live in habitats with sparsely distributed 
resources and in the sex that is responsible for receiving 
chemical signals during mating (typically males).

The approximately 12,250 species of grasshoppers 
(Orthoptera; Caelifera) interact with diverse plant com-
munities around the globe (Husemann et�al. 2022; Ibanez 
et�al. 2013; Joern 1979; Welti et�al. 2019). However, most 
current knowledge of the chemical exchanges that under-
pin these plant–insect interactions is derived from the study 
of a small number of economically important pest species 
(locusts) (Nakano et�al. 2022). In addition to locust species, 
representatives of a number of Gomphocerinae, Oedipodi-
nae and Melanoplinae, and a few species from Acridinae 
(Bland 1982, 1989; Chen et�al. 2003; Li et�al. 2007) have 
been examined for sensilla but no representatives of the 
Euryphyminae, Eyprepocnemidinae, Ommatolampidinae, 
Spathosterninae, Coptacrinae, or southern Catantopinae.

The alpine environment of Aotearoa/New Zealand has a 
rich, endemic ecological community including �ightless, 
acridid grasshoppers (Bigelow 1967; White 1975). These 
species of southern Catantopinae are the products of an 
endemic radiation associated primarily with K� Tiritiri o 

te Moana, the Southern Alps (Koot et�al. 2020). At most 
locations, several species co-occur on the same plant com-
munities with overlap in their food plants (Watson 1970). 
Three widespread sympatric species, Brachaspis niva-
lis (Hutton, 1898), Sigaus australis (Hutton, 1897) and 
Paprides nitidus (Hutton, 1898), have been shown to have 
di�erent micro-habitat preferences within scree-shrub-
herb�eld mosaics (Bigelow 1967; Koot 2018; Watson 
1970). Habitat partitioning suggests that these grasshopper 
species have di�erent sensory requirements relating to the 
type and distance of cues from potential food plants. Sim-
ilarly, communication between individual grasshoppers 
exerts speci�c demands on sensory ability. The coloring 
and appearance of these grasshoppers suggests selection 
on camou�age from predators rather than sexual signals 
(Fig.�1), and they have reduced wings (tegmina) unsuitable 
for sound production. Together these limitations in audi-
tory and visual signaling imply that chemical cues may be 
important for selection of mates as well as food, but direct 
evidence is lacking.

To explore the chemosensory capabilities of endemic, 
�ightless grasshoppers, we use a comparative approach, 
hypothesizing that sensilla abundance and distribution 
among these three species will re�ect the putative ecologi-
cal di�erences of co-occurring taxa. We focused on anten-
nal sensilla, as the antenna is the major location for chemi-
cal receptive sensilla (Bland 1989; Chen et�al. 2003). We 
predicted more sensilla on the antennae of B. nivalis that 
is predominantly in rocky areas of sparse vegetation, com-
pared to S. australis and P. nitidus. We also expected that 
sexual dimorphism in antennal chemosensory structures 
would be apparent with males (potential signal-receivers) 
having higher densities of sensilla than females (Bland 
1989; Chen et�al. 2003; Li et�al. 2007). We quanti�ed the 
abundance and distribution of chemo-sensilla in male and 
female B. nivalis, S. australis and P. nitidus.

Materials and�methods

Insects

Adult grasshoppers of B. nivalis, S. australis and P. niti-
dus (Fig.�1) were collected during the active summer 
season on the southeast �ank of Hamilton Peak in the 
Craigieburn Range (43�•07�•3�Ž0.7�ŽS 171�•41�•1�Ž0.5�ŽE) with 
approval from the Broken River ski area operators and 
New Zealand�Department of Conservation (authorization 
number: 97397-FLO). Insect specimens were frozen then 
preserved in 99% ethanol. Storage in high concentration 
ethanol preserved DNA and e�ectively dehydrates tissues 
for microscopy.
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Scanning electron microscopy (SEM)

Antennae were examined under a scanning electron micro-
scope (SEM) after being excised from preserved specimens 
and �xed in fresh 99% ethanol for one to three days to ensure 
dehydration, and then air-dried for two days. Fixed anten-
nae were mounted on aluminum stubs, and gold-coated for 
200�s with a Baltec SCD 050 sputter coater before examina-
tion with an FEI Quanta 200 SEM operated in the range of 
15�20�kV.

Antenna size and�sensilla

Antennal morphology was examined under a Leica stereo 
microscope (SM225, Olympus, Japan) equipped with a digi-
tal camera (SC180, Olympus, Japan) and antennal lengths 
were measured using  imaging software (NIS-Elements 5.01, 
Nikon Instruments Inc., USA), at The New Zealand Institute 
for Plant & Food Research Limited, Palmerston North, with 

permission from Dr Kambiz Esfandi. The area of each anten-
nal segment was measured using the Measure function on 
ImageJ/Fiji with SEM images.

Dorsal and ventral surfaces of either a� left or right 
antenna of each adult grasshoppers were examined for 10 or 
11 males and 10 or 11 females of each species. The surface 
of each�antenna was identi�ed by�its�  position  in relation to 
the antennal groove on the frons (Fig.�2), with the presence 
of a lenticular organ on the ventral surface of segment 14 
and the dorsal surface of segment 20 providing con�rmation 
(Fig.�3a, b; Chen et�al. 2003; Bland 1989). These grasshop-
pers have 23 segments on their antenna, but some individu-
als have subsections within particular segments (Fig.�3c, d), 
but we ensured consistent segment numbering by measuring 
the area of each segment (Table�S1). The thirteen distal seg-
ments (segments 11 to 23; counting from scape, 23rd being 
the most distal) are those on which chemo-sensitive sensilla 
have been reported as abundant in other grasshopper species, 
whereas the proximal segments have sensilla usually linked 
to proprioception (Bland 1982, 1989; Chen et�al. 2003; Jin 

Fig. 1   Three sympatric New Zealand alpine grasshoppers are cryp-
tically colored in their typical habitat. Brachaspis nivalis adult male 
(a), Sigaus australis adult female (b), Paprides nitidus adult male (c), 

B. nivalis adult female (d), S. australis adult female (e), P. nitidus
adult male (f)
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et�al. 2005; Ochieng et�al. 1998). Preliminary observations 
showed a similar pattern of sensilla distribution in B. nivalis, 
S. australis and P. nitidus, so all sensilla on these thirteen
distal segments were recorded.

Sensilla were classi�ed according to the nomenclature 
used for the locusts Schistocerca gregaria and Locusta 
migratoria since these are the most extensively studied taxa 
(Nakano et�al. 2022). The number and size of sensilla was 

Fig. 2   Identi�cation of ventral (purple) and dorsal (yellow) surfaces of antenna in New Zealand alpine grasshoppers. The surfaces of the anten-
nae were determined by orientation relative to the groove (indicated by red dotted line) between frontal carina and subocular groove

Fig. 3   Antennal morphology of 
New Zealand alpine grasshop-
pers (Acrididae; Catantopinae). 
The lenticular organ (Bland 
1989) on the dorsal surface 
of the 20th segment (a) and 
the ventral surface of the 14th 
segment (b). An example of 
antennae tip (segment 23) 
without subsection (c) and with 
subsection (d) in Brachaspis 
nivalis. lo lenticular organ, ss 
segment subsection. Numbers 
indicate segment numberings 
from attachment to head (most 
proximal segment)
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counted and measured using the add-in  Cell Counter and 
the Measure functions in Image/Fiji�respectively.

Statistical analysis

All statistical analyses were performed in the R statistics envi-
ronment (R Core Team 2022) using the software platform R 
Studio 4.0.3 (Boston, MA, USA) and graphics are generated 
using R Studio 4.0.3 and Inkscape 1.2. Statistical normal-
ity was tested by the Kolmogorov�Smirnov test before fur-
ther analysis. Using a student T-test, the body length (mm), 
antenna length (mm) and segment area (mm2) between species 
of the same sex, and total number and each type of sensilla 
recorded on the dorsal and ventral surfaces were compared. 
Di�erences in total number and number of each type of sen-
silla on segments 11 to 23 of the dorsal and ventral surfaces 
were analyzed among species and sexes of the grasshoppers 
with a linear model using the lm() function. This was followed 
by post hoc Tukey honest signi�cant di�erences for multiple 
pair-wise comparisons using the emmeans package.

Results

Antennal structure (shape, length, area, 
and�segmentation)

In all three species, an irregular arrangement of sharply 
pointed cuticular plates known as the lenticular organ 

(Fig.�3a, b) was observed on the dorsal surface of the 
20th antennal segment and the ventral surface of the 14th 
segment. The length of antennae ranged between 4.3 and 
9.3�mm, with S. australis having the longest antennae 
(male 6.64 – 0.65�mm, female 7.80 – 0.96�mm), and simi-
lar lengths observed in P. nitidus (male 5.54 – 0.33, female 
7.32 – 0.63) and B. nivalis (male 5.51 – 0.71�mm, female 
6.83 – 0.96�mm). The surface area of each of the thirteen 
distal segments (11�23) di�ered among the three species 
(Fig.�4). 2D images can potentially underestimate segment 
area as antennae are not completely �at, in particular, the 
dorsal surface of B. nivalis antennae were often concave 
(Fig.�3c, d).

No significant difference was observed in the total 
antennal length between females of P. nitidus and S. aus-
tralis (p = 0.22), but antennae of female�S. australis  were 
signi�cantly longer than antennae of B. nivalis females 
(p = 0.03) and the antenna of S. australis males were 
signi�cantly longer than antennae of both P. nitidus and 
B. nivalis males (p < 0.01). Most of the segments were
signi�cantly larger in male and female  S. australis than
other species (Fig.�4, Table�S1). This is broadly in pro-
portion with their body size as S. australis specimens
were signi�cantly larger in terms of body length (male
21.04 – 7.20�mm, female 31.25 – 2.88�mm) than P. nitidus
(male 19.08 – 1.67�mm, female 27.66 – 2.03�mm) or B.
nivalis (male 17.68 – 4.52�mm, female 24.47 – 2.16�mm). 
No signi�cant di�erence in antenna length was observed
between P. nitidus and B. nivalis (p = 0.20 in females, 

Fig. 4   Variation in antenna size distinguishes three New Zealand 
alpine grasshopper species. The surface area of each  antennal seg-
ment (mm2) for distal half of antennae (segments 11  to  23) on 
the� dorsal (a) and ventral (b) surfaces. Vertical bars indicate stand-

ard deviation. BF Brachaspis nivalis female, BM B. nivalis male, 
PF Paprides nitidus female, PM P. nitidus male, SF Sigaus australis 
female, SM S. australis male
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