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SUMMARY  
 

Environmental variables can exert strong effects on a species' morphology, neutral, and adaptive 

genetic variation. Understanding how environmental variables affect species' genetic 

connectivity and adaptive genetic responses has implications for conserving species subject to 

climate change and habitat fragmentation. With field data, statistical modelling and a landscape 

genomics approach applied to endemic Australian grasshoppers, I compare how patterns of 

morphology, abundance, gene flow and selection interact in a generalist grasshopper, 

Phaulacridium vittatum, versus three specialist grasshoppers of the genus Kosciuscola (K. 

usitatus, K. tristis, and K. cognatus), restricted to alpine regions. Single nucleotide 

polymorphism (SNP) data from double digest restriction-site associated (ddRAD) DNA 

sequencing was obtained for P. vittatum, K. usitatus and K. tristis. For P. vittatum, I identified a 

positive effect of solar radiation on body size and stripe polymorphism, with increasing Foliage 

Projective Cover (FPC) associated with the presence of winged individuals. Furthermore, 

latitude, soil moisture, wind speed and FPC were significantly correlated with relative 

abundance. Mean annual temperature had a stronger positive non-linear effect on genetic 

connectivity compared to land cover, and despite high gene flow across the 900 km sampling 

gradient, Environment Association Analysis (EAA) detected signatures of selection in relation to 

mean annual temperature, latitude and body size. Candidate adaptive SNPs were annotated to 

gene functions for olfaction, metabolic detoxification and ultra-violet shielding that may be 

important for environmental adaptation. For the three specialist Kosciuscola grasshopper species, 

the relative abundance of K. usitatus and K. tristis changed differentially and significantly with 

elevation, and the relative abundance of K. cognatus changed significantly with FPC. Body size 

changes were observed with increasing elevation that differed within sexes and across species. 

EAA analysis of SNP data for K. usitatus and K. tristis indicated that climatic variables including 

elevation (used as a proxy for temperature due to its high correlation), precipitation seasonality 

and number of frost days were more strongly associated with selection signatures in both species 

compared to soil or terrain variables. However, K. tristis, with a narrow elevational niche and 
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lower cold tolerance, showed stronger genetic structure and more pronounced signatures of local 

adaptation compared to the more widely found K. usitatus. Some candidate loci putatively under 

selection were shared by both species with a greater number associated with elevation, indicating 

the likelihood of parallel adaptation driven by climatic variables. The highest number of 

candidate outlier loci were annotated to genes involved in lipid metabolism and development. 

The study suggests that species with wider environmental niches are likely to maintain higher 

gene flow and exhibit weaker signatures of selection than species with narrower niche breadths. 

Furthermore, co-occurring species encountering similar environmental challenges may show 

parallel adaptation. Taken together, this thesis demonstrates that generalist species are more 

likely to successfully move and adapt under shifting environments due to land use or climate 

change than specialist species occupying narrow thermal environments.  
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CHAPTER 1 
 
 
General Introduction 
 
 “In looking at Nature, it is most necessary to keep the foregoing considerations 
always in mind- never to forget that every single organic being around us may be said 
to be striving to the utmost to increase in numbers; that each lives by a struggle at 
some period of its life; that heavy destruction inevitably falls either on the young or 
old, during each generation or at recurrent intervals”. 
-Charles Darwin (Darwin, 1859) 
  
Spatially variable environmental pressures offer challenges that shape species strategies to 

survive and reproduce in particular environments. From the diverse range of environmental 

pressures along broad latitudinal gradients to sharp and steep environmental changes along fine-

scale altitudinal gradients, species modify their survival strategies to adapt and cope with these 

contrasting environments. Organisms may show variation in morphological and genetic traits in 

response to contrasting environmental pressures to develop environmental tolerance, increased 

survival, and dispersal potential. For instance, in insects distinct colour morphs (relevant for 

thermoregulation) can be developed according to local environmental conditions (Trullas et al., 

2007, Tanaka et al., 2012, reviewed in Simpson et al., 2011), presence or absence of wings 

(influence dispersal capacity) can be favoured based on habitat stability, temperature and 

photoperiod (Bai et al., 2016, reviewed in Zhang et al., 2019, Harrison, 1980, McCulloch et al., 

2019). Body size variation (relevant for fecundity) can be correlated with latitudinal and 

altitudinal gradients, which in turn are strongly associated with abiotic and biotic factors 

(reviewed in Chown and Gaston, 2010, Rosetti and Remis, 2018).  

 

 Apart from phenotypic changes, underlying genetic variation (neutral and adaptive) is shaped by 

the environmental pressures confronted by species (Schoville et al., 2012, Sexton et al., 2014). A 

large number of studies in insects have shown the influence of abiotic environmental variables, 

geographic barriers and landscape features on neutral gene flow across space (Lozier et al., 2013, 

Dreier et al., 2014, Bartlett et al., 2016, Gonzalez-Serna et al., 2018). In addition, recent studies 

in insects have detected loci under selection in relation to environmental gradients and habitat 
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variables (Eldon et al., 2019, Feng et al., 2015, Janes et al., 2014). Adaptation to spatially 

variable environments has been extensively documented in several Drosophila species along 

latitudinal and altitudinal gradients (reviewed in Adrion et al., 2015). Some key examples come 

from clinal pattern of local adaptation along latitudinal gradients in Drosophila melanogaster 

from Australia (Sezgin et al., 2004, Hoffman and Weeks, 2015) and North America (Berry and 

Kreitman1993  Fabian et al., 2012). Such clinal allele frequency changes can be significantly 

associated with environmental conditions such as temperature, UV intensity and seasonality 

correlated with latitudinal and altitudinal gradient. For example, Schmidt et al., (2008) showed 

that allele frequency of a SNP associated with adaptation to seasonality in D. melanogaster 

increased clinally with latitude, which in turn is strongly correlated with seasonality.  

 

Among all climatic variables, ambient temperature is shown to have a key impact on genetic 

connectivity and climatic adaptation in ectothermic insects because of its relation with important 

life history traits, physiology and reproduction (Waldvogel et al., 2018, Jaffe et al., 2019, 

Dudaniec et al., 2018). These set of studies provide empirical evidence that the response of 

individuals to their environment is a complex interaction that involves both phenotypic and/or 

genotypic changes. Notably, plastic responses such as change in diapause timings, seasonal 

plasticity and ontogenetic changes in insects may also influence species response to novel 

environmental conditions (reviewed in Sgro et al., 2016, Gibert et al., 2019). The examination of 

how environmental variables shape species' morphology, and neutral and adaptive genetic 

variation is a crucial step towards predicting future distributions and evolutionary changes of 

species under shifting climatic regimes. Ultimately, information on species' adaptive capacities 

and dispersal is essential for biodiversity management and conservation as it provides measures 

of species vulnerability to climate change (Sork and Waits, 2010, Razgour et al., 2019). 

 

Evolutionary responses can be shaped by the relative contribution of neutral gene flow and 

selection acting in diverse environments. The interaction between gene flow and local adaptation 
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is widely studied in ecology and evolution (Savolainen et al., 2013). Theory predicts that high 

gene flow between populations may disrupt local adaptation by bringing locally maladapted 

alleles and by homogenising locally adapted genotypes (Antonovics, 1976, Yeaman and 

Whitlock, 2011) whereas restricted gene flow between populations (due to dispersal ability or 

habitat choice) may lead to greater extent of local adaptation in relation to environmental factors 

(Tigano and Friesen, 2016). However, local adaptation may still occur if selective pressures are 

strong enough to overcome the homogenising effects of gene flow (Kawecki and Ebert, 2004). 

Our knowledge on the interplay between gene flow and local adaptation is therefore inconsistent 

and varied (Savolainen et al., 2013), suggesting that more studies on different taxa are needed to 

understand the interaction between these genetic processes. Landscape genomics is a powerful 

tool to examine such interactions between gene flow and local adaptation (Manel and 

Holderegger, 2013, Balkenhol et al., 2017). The concurrent study of both neutral connectivity 

and adaptive divergence in response to environmental variables is crucial to understand the 

relative contribution of these two processes in shaping adaptive capacity of species. 

 

Species with contrasting geographical distributions and environmental niche tolerances often 

show different patterns of gene flow and local adaptation and thus are highly suitable to 

understand the interaction between the two processes. Generalist species with widespread 

distributions generally occupy large geographic ranges and have a broad ecological niche 

(Devictor et al., 2008), whereas specialist species with restricted spatial distributions and 

ecological niches (Clavel et al., 2011) present two such contrasting study systems. Due to their 

widespread occurrence, generalist species may confront diverse challenging environmental 

pressures that may promote local adaptation, however greater dispersal and gene flow between 

locations may disrupt the fixation of locally adapted alleles. On the other hand, specialist species 

with low dispersal capacity, restricted gene flow, and narrow distribution may be confronted by 

fine-scale steep environmental pressures along environmental gradients and may exhibit stronger 

signatures of local adaptation at microgeographic scales. Thus, study systems with striking 
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differences in their distribution along latitudinal and altitudinal gradients are ideal systems to 

study evolutionary and genetic processes (Verheyen et al., 2019) 

 
AIMS 
 
The interaction of organisms with their environment is a two-way process where the 

environment impacts organisms, and organisms shape their environment. In this thesis, I 

examine how the environment shapes abundance patterns, distribution, morphology, gene flow 

and local adaptation in two contrasting grasshopper study systems. I study the widely distributed 

generalist pest grasshopper Phaulacridium vittatum (Orthoptera: Acrididae; Key, 1992), and the 

alpine restricted specialist Kosciuscola genus: K. usitatus, K. tristis, and K. cognatus 

(Orthoptera: Acrididae; Sjösted, 1933), all endemic to Australia. I examine their relative 

abundance and morphology changes along latitudinal and altitudinal gradients. Using a 

landscape genomic approach, in P. vittatum I investigate the pattern of genetic structure along 

latitudinal gradients, examine temperature and landcover effects on genetic connectivity, and 

common drivers of neutral and adaptive genetic variation. In Kosciuscola genus I examine broad 

and microgeographic scale of genetic structure and isolation by distance, adaptive genetic 

variation along elevational gradients, parallel signatures of selection in co-occurring species and 

signals of polygenic adaptation along elevational gradients. 

  

Chapter 2 

Widespread distributions and environmental tolerances of a species can be facilitated by 

morphological variations, for instance different wing morphs (differ in the degree of 

melanisation) in butterflies can assist with thermoregulation and dispersal across variable 

thermal conditions (Stoehr and Goux, 2008). Invertebrate pests with widespread distributions 

(over hundred to thousand kilometres) often exhibit morphological variations likely as a result of 

differential selection pressures and fitness advantages in diverse habitats. For instance, in the 

brown planthopper, Nilaparvata lugens (a serious pest of rice in Asia), adults possess two wing 
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morphs that are linked with migratory responses, whereby long winged adults have high 

migratory ability and have high heat tolerance than adults with no wings (Lu et al., 2016). 

These morphological variations may assist widespread species to deal with heterogeneous and 

challenging environments and can be shaped by environmental conditions (reviewed in Simon 

and Peccoud, 2018, Hoffmann, 2017). Broad geographical sampling is highly important to study 

such variations in morphotypes along latitudinal scales because of their power to better account 

for all sources of variation (reviewed in Shelomi, 2012), however, not many studies have looked 

at intraspecific variation in shape and size of individuals at broader geographical scales (Bai et 

al., 2016) except in several Drosophila species (Azevedo et al., 1998, Gilchrist et al., 2004, 

Liefting et al., 2009).  

 

In chapter 2, I examine how morphological traits vary along environmental gradients in a 

widespread agricultural pest, the wingless grasshopper, Phaulacridium vittatum. Adults of this 

species exhibit morphological variation in three key traits (Dearn, 1984, Key, 1992): wing 

presence/absence, stripe polymorphism (Fig. 1; three distinct morphs: two complete white dorsal 

stripes, two incomplete white dorsal stripes, and no stripes) and body size variation (both within 

and between sexes; females are larger than males). Phaulacridium vittatum has nonoverlapping 

generations, with eggs undergoing diapause in winter, and the first hatchlings emerging in spring 

between October and November (Clark, 1967).  

 

Using a broad-scale sampling design of 900 km, spanning an eight degree latitudinal gradient 

(from 29.18° S to 36.50° S) along the east coast of Australia, fine scale environmental data and 

statistical modelling, I examine 1) what is the effect of latitude and environmental variables (i.e., 

soil moisture, precipitation, wind speed, solar radiation, and foliage projective cover) on site 

relative abundance and the frequency of morphological traits (body size, wing presence/absence, 

and stripe polymorphism) and 2) I examine evidence for density-dependent selection on 

morphology by examining the interaction between site relative abundance and the frequency of 
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morphological traits. I predict that due to the widespread distribution of this species across 

heterogeneous landscapes with a striking difference in temperature, precipitation, vegetation 

cover, and solar radiation, morphological variations are likely to be shaped by environmental 

variables and thus may show significant correlations. Similarly, I hypothesise that due to 

thermoregulatory advantages and habitat suitability the relative abundance of P. vittatum is likely 

to be influenced by environmental characteristics (Fig. 2A for an overview of suitable habitat 

type). An understanding of environmental effects on the spatial distribution of morphological 

variation and abundance of this pest species is critical to understand its ecology, dispersal 

potential, and persistence under the climate change context. This chapter has now been published 

in the Journal of Insect Science (https://doi.org/10.1093/jisesa/iey121). 

(A)                 (B) 

 

 

 

 

                 

 

(C)                                                             (D)  

                     

Figure 1: Stripe polymorphism in Phaulacridium vittatum: (A) Fully striped; (B) partially 

striped (C) unstriped morph (photos: Sonu Yadav); (D) P. vittatum collection using a plastic jar. 



 15 

Chapter 3 

Landscape genomics approaches are useful to examine the influence of environmental variables 

and landscape features on genetic connectivity (Manel and Holderegger, 2013), and 

environmental selection processes (Balkenhol et al., 2017). With the recent advancements in 

statistical approaches like Environmental Association Analyses (EAA), it is feasible to examine 

the correlation between allele frequency and environmental variables deemed relevant for the 

study species (Rellstab et al., 2015, Frichot et al., 2013). A concurrent examination of neutral 

genetic connectivity and environmental adaptation using the same dataset is crucial for the 

comprehensive understanding of how neutral genetic connectivity interacts with adaptive genetic 

divergence and assist in the identification of common drivers of neutral and adaptive genomic 

variation. Landscape genomics approach also provides the insights on species adaptive potential 

and vulnerability to climate change (Rellstab et al., 2015) and such knowledge may help 

informing management interventions and population conservation (Hoffmann et al., 2015).  

 

In Chapter 3, with 19 sites across a 900 km latitudinal gradient sampled for P. vittatum, and 

using Single Nucleotide Polymorphism (SNP) data and landscape genomics approach I examine, 

1) how temperature and land cover affect neutral genetic connectivity; and 2) using FST outlier 

tests and Environmental Association Analysis I examine whether patterns of adaptive genetic 

variation are associated with environmental variables and/or variation in morphological traits. I 

predict that due to its widespread distribution, a capacity to undertake long distance dispersal and 

large population size, P. vittatum will show a high degree of gene flow across large geographical 

scales and lower genetic structuring with no isolation by distance. However, as the temperature 

is a highly crucial climatic factor for ectotherms, influencing movement, and thermoregulation, it 

may still have subtle effects on genetic connectivity. Furthermore, considering the ecology of the 

species, I predict that landcover including water bodies and urban areas may provide greater 

resistance to movement than pastures, agricultural and rural areas. In terms of adaptation to local 

environmental conditions, I predict that due to the exposure of P. vittatum to a diverse range of 
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environmental pressures along the latitudinal gradients, signatures of local adaptation are 

anticipated, especially in relation to temperature. Such simultaneous analysis will inform 

whether similar or different environmental drivers are influencing neutral and adaptive 

processes. This chapter has now been published in Molecular Ecology Journal 

(https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15146). 

(A) 

 

(B) 

 

Figure 2: Contrasting study sites: (A) open pasture habitat of Phaulacridium vittatum and (B) 

Mt. Kosciuszko National Park, the habitat of Kosciuscola grasshoppers (photos: Sonu Yadav).  
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Chapter 4 

Climate can limit insect distributions by influencing their survival and fecundity (Gaston, 2003). 

An impact of climatic conditions (such as colder conditions at higher altitudes) on limiting insect 

distributions has been documented several times (reviewed in Hodkinson, 1999). Due to this 

dependence of insects on climatic conditions, climate warming is anticipated to shift their ranges 

and population dynamics. The expansion in distributions and population sizes is particularly true 

for pest species, which often become favoured with warming conditions (Jepsen et al., 2008). In 

contrast, changing climatic regimes are negatively influencing specialist insects by decreasing 

their populations (Piessens et al., 2009, Cerrato et al., 2016), diversity and compositional shifts 

(Hilt and Fiedler, 2005). Specialist species restricted to alpine habitats are often adapted to 

narrow thermal ranges and are likely to be adversely affected by climate change (La Sorte and 

Jetz, 2010). The steep environmental changes along elevation gradients can generate distinct 

patterns of species abundance and influence morphological traits even at microgeographical 

scales i.e. over a few metres to kilometres (e.g. Beccacece et al., 2016, Fiedler et al., 2008). Such 

patterns may further differ in co-occurring species based on their difference in thermal tolerances 

and niche preferences.  

 

 In Chapter 4, I study the influence of temperature-elevation gradients on the relative abundance 

and body size in three co-occurring alpine grasshoppers of the genus Kosciuscola (K. usitatus, K. 

tristis, and K. cognatus; Fig. 3). All three grasshopper are common in the Kosciuszko region and 

have been observed to differ in elevational distribution, whereby K. cognatus is most widely 

distributed followed by K. usitatus, K. tristis (Slatyer et al., 2014). Apart from difference in 

elevational niche breadth, the three species also show variation in cold tolerance limits (Slatyer 

et al., 2016), whereby K. usitatus has the highest cold tolerance (CTmin= -3 °C), followed by K. 

tristis (CTmin= -2 °C) and K. cognatus (CTmin= -1 °C). 

Using line transect sampling design within three mountain regions (Thredbo, Guthega and 

Jagungal) of the Kosciuszko National Park in the Australian Alps (Fig. 2B), I examine, 1) how 
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species with differences in cold tolerances and elevation niche breadths differ and overlap in 

relative abundance along temperature-elevation and vegetation gradients, and 2) whether male 

and female of each species vary in body size along the temperature-elevation gradients. I predict 

that species relative abundance and body size is likely to differ significantly along elevational 

gradients (used as a proxy for temperature due to its high correlation), however, the trend of this 

correlation may differ between species based on their thermal and niche preferences. 

Furthermore, I predict that differential selection pressures acting on males and females of the 

same species i.e. natural selection on females (via increased fecundity) and sexual selection on 

males can generate sex specific variations in body size along elevational gradients. The study 

will provide information on how populations respond to elevation gradient and associated 

thermal and vegetation gradients, which is necessary to understand geographically restricted 

species’ vulnerabilities to climate and vegetation change. Baseline studies like this are important 

to examine environmental influence on alpine species fitness and to predict future population 

dynamics especially in the Australian alps where knowledge on invertebrate species population 

dynamics is limited. This chapter has now been published in Austral Ecology 

(https://doi.org/10.1111/aec.12876). 
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(A)                                                                 (B) 

   

(C)                                                                                 (D) 

 

Figure 3: Pictures of three study species of the genus Kosciuscola. (A) K. tristis male, (B) K. 

tristis female, (C) K. usitatus male (smaller) and female (larger), (D) K. cognatus female 

(photos: Sonu Yadav). 

 

Chapter 5

Adaptive genetic changes in response to environmental conditions can indicate species potential 

to respond to existing climate conditions or to exploit new resources. Such changes have been 

documented in insects in the past few decades (reviewed in Hoffmann, 2010, Hoffmann and 

Willi, 2008). However, species adaptation to climatic conditions can markedly differ based on 

their ability to survive and expand or shift ranges under variable thermal conditions. Species 

inhabiting alpine areas are often specialists with high rates of local endemism (Steinbauer et al., 

2016) and have limited opportunities to shift their ranges due to narrow thermal tolerances, local 

physiological adaptation and restricted areas with suitable habitat (Elsen and Tingley, 2015, 
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Hodkinson, 2005). The complex topography of alpine areas can isolate populations over 

microgeographic scales with negative consequence on gene flow (Polato et al., 2018). 

Furthermore, strong selection pressures along elevation gradients may lead to more pronounced 

local adaptation (Körner, 2007, Kawecki and Ebert, 2004). The examination of microgeographic 

patterns of genetic differentiation and local adaptation in specialist species is therefore needed to 

achieve accuracy in predicting alpine species resilience to climate change.  

 

Alpine ecosystems are characterised by strong and steep shifts in environmental variables and as 

a result of the steep associations, environmental selection pressures in alpine areas are likely to 

occur at fine spatial scales (over distances of only a few metres). Species’ thermal tolerance and 

geographic distribution can constrain its potential to adapt to increasing temperatures (For eg., as 

shown in trees Reich et al., 2015, and dung beetles Birkett et al., 2018) and can influence their 

patterns of gene flow and local adaptation. A better understanding of adaptive responses can be 

achieved by simultaneously studying co-occurring species and comparing their adaptive 

variation (Gugerli et al., 2013, Hand et al., 2015). Lastly, closely related species encountering 

similar environmental conditions may show common genomic responses leading to parallel 

adaptation (Yeaman et al., 2016).  

 

In Chapter 5, with SNP dataset (two SNP data for individual species and an independent data 

with markers common in both the species) for K. usitatus and K. tristis in two mountain regions 

of Mt Kosciuszko (Thredbo and Guthega) I examine, 1) whether differences in elevational niche 

preference in two co-occurring species can lead to contrasting patterns of neutral genetic 

structure and adaptive genetic variation along elevational gradients? 2) whether the two co-

occurring species encountering similar environmental challenges show signatures of parallel 

local environmental adaptation? (examined via multivariate: redundancy and partial redundancy 

analysis, and univariate EAA approaches, and Fst outlier test) and 3) whether selection 

signatures show signals of polygenic adaptation along elevational gradients in species (via 
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additive polygenic score analysis). I predict that the species with narrow elevational distribution 

and limited thermal tolerance (K. tristis) is more likely to show stronger fine and broad scale 

genetic structuring and prominent signatures of local adaptation compared to the relatively 

broadly distributed species (K. usitatus) and thus is likely to be more vulnerable to 

environmental change. Furthermore, because similar challenging environmental conditions are 

encountered by these two closely related specialist species, I predict that they may show signals 

of parallel local adaptation.  

 

In the General Discussion I provide a summary of the main results of my work. I discuss 

implications of the outcomes of this thesis and provide a snapshot of future directions. 
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Abstract 

Invertebrate pests often show high morphological variation and wide environmental tolerances. 

Knowledge of how phenotypic variation is associated with environmental heterogeneity can 

elucidate the processes underpinning these patterns. Here we examine morphological variation 

and relative abundance along environmental gradients in a widespread agricultural pest, native to 

Australia, the wingless grasshopper Phaulacridium vittatum (Orthoptera: Acrididae). We test for 

correlations between body size, wing presence, and stripe polymorphism with environmental 

variables. Using multiple regression and mixed-effects modelling, body size and stripe 

polymorphism were positively associated with solar radiation, and wing presence was positively 

associated with foliage projective cover (FPC). There were no associations between body size or 

morphological traits with relative abundance. However, relative abundance was positively 

associated with latitude, soil moisture, and wind speed, but was negatively associated with FPC. 

Therefore, sites with low relative abundance and high forest cover were more likely to contain 

winged individuals. Overall, our results suggest that environmental and climatic conditions 

strongly influence the relative abundance and the distribution of morphotypes in P. vittatum, 

which is likely to affect dispersal and fitness in different landscapes. This knowledge is useful 

for informing how environmental change might influence the future spread and impact of this 

agricultural pest. 

 

Key Words:  

Wingless grasshopper, Phaulacridium vittatum, agricultural pest, relative abundance, 
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 29 

Introduction 

The distribution, abundance, and phenology of several insect pests have altered in response to 

changing climatic conditions (Olfert and Weiss 2006, Trnka et al. 2007, Parmesan 2007, Da 

Silva et al. 2011). Shifts in environmental variables, such as temperature, play a key role in the 

severity of phytophagous insect pest infestations (e.g. Baker et al. 2015). Major outbreaks of 

phytophagous insects are exacerbated by ongoing warming conditions, and extreme climatic 

events such as drought and floods (Jepsen et al. 2008, Zhang et al. 2009). Further, the negative 

impacts of phytophagous insect pests on crop production (Oerke 2006) and forest harvest 

(Aukema et al. 2011) are often economically significant (Bradshaw et al. 2016). Therefore, it is 

important to understand the environmental determinants and interactions that facilitate the 

occurrence and spread of insect pests under currently shifting climatic regimes. 

 

Some insects show variation in genetic, physiological and morphological traits across broad 

climatic gradients (Lancaster et al. 2015, 2016, reviewed in Hoffmann et al. 2017, Dudaniec et 

al. 2018). For insect pests, variations in morphological traits may confer benefits that enable 

wide environmental tolerances, survival and colonisation across large geographic areas (Gomez 

and Van 2012, Parsons and Joern 2014, Bai et al. 2016), or increased chances of spread through 

efficient use of local resources (e.g. as shown in pest aphids; Simon and Peccoud 2018). The 

relationship between environmental variables and the distribution of morphological variation can 

therefore be indicative of the capacity of insect pests to persist under shifting environmental 

conditions and may also provide evidence for local selection processes. 

 

Polymorphism in insects can be maintained by various mechanisms such as balancing selection 

(Lindtke et al. 2017), a combination of multiple selection pressures (Takahashi et al. 2011) or via 

adaptive or non-adaptive phenotypic plasticity (Ghalambor et al. 2007, Kelly et al. 2012, Sgrò et 

al. 2016). Morphological traits may also be regulated via frequency or density dependence. In 

this case, the fitness of different morphs shifts in response to their prevailing frequencies, or in 
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response to competitive interactions among conspecifics (Le Rouzic et al. 2015, Lancaster et al. 

2017, Nosil et al. 2018). In addition, a clear role of climatic and ecological factors in shaping 

morphological variations in insects is reported in several studies (Dearn 1990, Zera and Denno 

1997, Chown and Gaston 2010). For example, different colour morphs can be selected for 

according to local environmental variables (Tanaka 2004, Tanaka et al. 2012). Dispersal traits 

such as wing dimorphism may show variation under temporally and spatially diverse climatic 

gradients (Harrison 1980, Roff 1986) and in relation to photoperiod, temperature and latitude 

(Sasaki et al. 2002, Zeng and Zhu 2014, Rosetti and Remis 2018). Variation in climate can also 

shape the distribution of insect body size along latitudinal gradients (Masaki 1967). A necessary 

step in understanding these relationships is tearing apart environment effects on morphological 

traits and their influence on fitness. For example, different morph frequencies may confer 

differential survival according to local climatic conditions (Forsman 1999). For insect pests, such 

information offers a starting point for characterizing species resilience under shifting climatic 

conditions.  

 

Here we examine how morphological traits vary along environmental gradients in a widespread 

agricultural pest, the wingless grasshopper, Phaulacridium vittatum, an endemic species to 

Australia. Adult grasshoppers exhibit morphological variation in three key traits: wing 

presence/absence, stripe polymorphism (Fig. 1; three distinct morphs; Key 1992, Dearn 1984), 

and body size (both within and between sexes; Key 1992). Body size of males (ranging from 6 - 

9 mm) is smaller than females (average size of 6 -13 mm) (Key 1992).  Phaulacridium vittatum 

has non-overlapping generations, with eggs undergoing diapause in winter, and the first 

hatchlings emerging in spring between October and November (Clark, 1967).  
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Figure 1: Stripe polymorphism in Phaulacridium vittatum: (a) fully striped morph with two full 

longitudinal white stripes, (b) unstriped morph, (c) partially striped morph with two partial white 

stripes (photos: Sonu Yadav).   

 

Development involves five instar stages and adults survive until late March and into April. Prior 

to European colonisation of Australia, P. vittatum was restricted to savannah woodlands or 

grasslands, but with forest clearing for pasture and agriculture, suitable breeding habitat 

increased dramatically, contributing to the species’ current widespread distribution and high 

abundance that can reach pest proportions (Dearn 1984). Adult grasshoppers cause damage to 

pasture, gardens, economically important crops (Roberts 1972, Clark 1967), juvenile eucalyptus 

trees (Loch and Floyd 2001), and can compete with livestock for pasture (Bailey et al. 1994). 

Severe outbreaks can be cyclic and have been documented every four or five years in areas with 

suitable habitats and weather conditions (Milner et al. 1994).  

 

Several selective forces may be responsible for maintaining morphological polymorphisms in P. 

vittatum. For example, stripe polymorphism in P. vittatum appears to be maintained by 

disassortative mating (i.e., increased frequency of matings between striped and unstriped 

individuals) as documented by Dearn (1980 and 1984). Another potential selective force 

maintaining stripe morph in P. vittatum is frequency-dependent selection exerted by predators 

(Dearn 1984) as reported in other species (Losey 1997, Gray and McKinnon 2007). Evidence 
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also suggests that morphological variation in P. vittatum is influenced by latitude, climatic 

variables and habitat type. Latitudinal cline in stripe pattern polymorphism has been suggested in 

previous studies (Dearn 1981). Radiation seasonality and rainfall best explained latitudinal clines 

in P. vittatum body size (Harris et al. 2012). Furthermore, thermoregulatory effects of melanism 

have been shown in this species, where darker coloured individuals (without stripes) maintained 

a higher body temperature than lighter colour individuals (Harris et al. 2013a, Harris et al. 

2013b). In terms of habitat type, unstriped morphs were present at a higher frequency in more 

forested habitats, perhaps a result of camouflage advantage (Dearn 1984). Additionally, a higher 

frequency of winged individuals was observed in shrub-dominated areas, forest margins and 

gardens than in open pastures (Clark 1967). Despite these early studies, little is known of the 

broader spatial distribution of morphological variation or abundance of P. vittatum in relation to 

local environmental variables, which is important for understanding the ecology and potential 

spread and persistence of this agricultural pest. 

 

With morphological, environmental and site relative abundance data collected for P. vittatum 

across 36 sites spanning an eight degree latitudinal gradient (from 29.18°S to 36.50°S) along the 

east coast of Australia we examine, 1) the effect of latitude and environmental variables (i.e.  soil 

moisture, precipitation, wind speed, solar radiation, and foliage projective cover) on site relative 

abundance and the frequency of morphological traits (body size, wing presence/absence and 

stripe polymorphism), and 2) evidence for density-dependent selection on morphology by 

examining the interaction between site relative abundance and the frequency of morphological 

traits. 

 

Materials and Methods  

Sampling  

Phaulacridium vittatum grasshoppers were sampled from late January to early February of 2017, 

when most individuals had reached maturity. In total, 36 sites were sampled across the east coast 
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of New South Wales spanning ~900km, covering eight degrees of latitude (from 29.18°S to 

36.50°S), a mean annual temperature gradient of 4.6-17.4°C, and an elevation gradient of 133-

1966 m asl (Table S1, Fig. 2). Sites were chosen based on previous information on species 

presence and partly after searching for grasshoppers during the fieldwork. We also followed a 

paired gradient sampling design as much as possible to capture environmental variation along the 

sampled latitudinal gradient. Sites were located approximately 50-60 km apart, and sample sizes 

ranged from 6 to 34 individuals per site (mean = 28.49 ± 0.17). The elevation, latitude, and

longitude of each site were recorded using a Garmin e-Trex 20 hand-held GPS. Most sites were 

situated adjacent to or within open pastures, along roadside edges and some sites were situated 

inside national parks within eucalyptus woodlands and other native shrubs. A site was declared 

absent of P. vittatum after searching for a minimum of ~15 mins by three people (total search 

time = 45 mins) without any sightings or captures. 

 

Figure 2: Sample sites (n=36) indicated by filled circles over a map of mean annual temperature 

(°C, BIO1) along the east coast of New South Wales, Australia. 



 34 

Samples were collected either using a sweep net or by hand using small plastic containers. 

Habitat type does not have a large effect on spotting and catching grasshoppers as captures are 

largely cued by the obvious hopping activity of the grasshoppers after disturbing the grasslands 

and pastures. Similarly, stripe pattern did not introduce sampling bias as stripes are not readily 

visible from afar and do not influence capture rates. All collected specimens were stored on ice 

until processed and preserved in 90% ethanol. The following details were recorded on live 

samples during sample processing: sex (male/female), morphology: (winged/wingless), 

(striped/partially striped/unstriped) and femur length (mm), the latter being measured with digital 

callipers to the nearest 0.01 mm as a proxy for body size in grasshoppers (Masaki 1967, 

Mousseau and Roff, 1989, Davidowitz, 2008). The relative abundance of P. vittatum at each site 

was measured via capture rate per minute, calculated as the number of grasshoppers captured 

divided by the number of people searching multiplied by the number of minutes spent searching 

(Lancaster et al. 2015). The same searchers were trained and involved in collection at each site to 

avoid possible individual based bias. All procedures were performed in accordance with the 

animal ethics guidelines of Macquarie University, Australia (for compliance purposes), and 

sampling permissions were obtained from local government authorities and national parks 

(license number: SL101832). 

 

Environmental data 

Environmental variables were selected based on field observations and findings of previous 

studies on the ecology of P. vittatum. Latitude and environmental variables such as, radiation 

seasonality, and rainfall are known to influence body size variation in P. vittatum (Harris et al. 

2012). Foliage cover is important for egg laying in this species, as eggs are laid in open areas 

with bare ground between vegetation patches (Clark 1967). Additionally, soil properties such as 

soil moisture and soil type have been shown to influence density (Miao et al. 2018), oviposition 

and therefore further offspring viability in grasshoppers (Herrmann et al. 2010). Wind speed was 

chosen because wind is beneficial for passive dispersal of insects (Drake 1994, Venette and 
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Ragsdale 2004) and may aid in the colonisation of new areas by facilitating long-distance 

dispersal (Anderson et al. 2010, Colombari and Battisti 2016).  

 

 Mean annual temperature (BIO1) and mean annual precipitation (BIO12) were extracted per 

sampling site from WorldClim v1.4 (Hijmans et al., 2005). Mean annual wind speed and mean 

annual solar radiation were extracted from WorldClim v2.0 (Fick and Hijmans, 2017). All data 

from WorldClim were used at a spatial resolution of 1 km2. Foliage Projective Cover (FPC %) is 

the percentage of ground area occupied by the vertical projection of foliage and was extracted 

from a buffered area of 100 m surrounding each of the sites from the TERN AusCover database 

(2011) with a spatial resolution of 5m2. A 100m buffer was chosen based on estimates of 

individual grasshopper movement and range size. Data for each of 36 sites were extracted (Table 

S1) using the raster package (Hijmans and van Etten, 2014) in R v3.3.2 (R Core Team 2016). 

 

Soil type data were downloaded from the New South Wales Office of Environment and Heritage 

(OEH, 2017) and obtained for each sample site using QGIS v2.18 (QGIS Development Team, 

2009). Soil type data were then used to classify soil moisture for each site and was categorised 

based on the clay content and water holding capacity of the soil, as defined in the Australian 

Soils Classification (ASC) and Great Soil Group guidelines (GSG) (Raymond 2016). Soils with 

high to intermediate water holding capacity based on ASC and GSG classifications were scored 

as 1 (high moisture), whereas soils with low water holding capacity were scored as 0 (low 

moisture) (Table S4 for site-based information).  

 

A Pearson’s correlation matrix was obtained between all environmental variables measured at 

each site (Table S2, Text S1). After removing variables with very high correlation (r > 0.80), a 

total of six variables were used for further analyses, i.e., i) solar radiation, ii) wind speed, iii) soil 

moisture, iv) FPC, v) BIO12, and vi) latitude. Despite the high correlation between latitude and 
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solar radiation (r = 0.81) we retained latitude in order to examine its influence on site relative 

abundance. Nonetheless, both variables were not used together in the same model.  

 

Statistical approach 

All statistical analyses were performed in R v3.3.2. We analysed our data (n = 954 individuals) 

using multiple regression, and generalized linear mixed-effects models (GLMM) and linear 

mixed-effects (LMM). The statistical significance of models were examined using likelihood 

ratio tests within ANOVA by comparing fitted models with the null model including only the 

response variable, random effects (in case of the mixed model), and intercept. Insignificant fixed 

effects were removed from the model by applying the “analysis of deviance test” using the 

drop1() command with a Chi-square test. The model was refitted after dropping insignificant 

fixed effects. We performed a nonlinear transformation on the response variable wherever 

possible (relative abundance and femur length) by using log-transformation. Site ID was 

included as a random effect in mixed modelling to account for non-independence between 

sampling sites. To examine the goodness of fit of the GLMM and LMM, conditional R2 statistics 

were calculated using the MuMIn R package (Barton 2018).  

 

Relative abundance  

Multiple linear regression modeling was used to examine the influence of latitude, FPC, soil 

moisture and wind speed on the relative abundance of P. vittatum at each site. In addition, the 

relative importance of each fixed effect and confidence intervals for relative importance were 

determined using the boot.relimp() and booteval.relimp() functions of the relaimpo v2.2-2 R 

package (Grömping 2006) by implementing 1,000 bootstraps.  

 

Wing polymorphism 

Wing polymorphism was divided into two categories; winged individuals were categorised as 1 

and wingless individuals were categorised as 0. We tested for the association of solar radiation, 
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wind speed, FPC, soil moisture, relative abundance, body size and stripe pattern on wing 

presence using GLMM in the lme4 R package (Bates et al. 2015) and the function glmer(). The 

final model was refitted after dropping insignificant fixed effects and using site relative 

abundance as the random effect to account for its influence on the relationship and to provide 

additional explanatory power to the model.  

 

Stripe polymorphism 

Stripe polymorphism in P. vittatum appears to be genetically controlled by three alleles at an 

autosomal locus (CS = full stripe, CI = partial stripe, CP = plain) following a hierarchical 

dominance pattern (CS> CI> CP) (Dearn 1983). As previously done by Dearn (1978, 1981), and 

due to a low number of partially striped individuals in our dataset, partially striped morphs were 

combined with striped morphs into an 'any striped’ category, pooling CS and CI genotypes. Stripe 

polymorphism was classified into two categories: any striped individuals were coded as 1 and 

unstriped individuals were coded as 0. We constructed a GLMM, using stripe polymorphism as a 

response variable and solar radiation, wind speed, FPC, soil moisture, relative abundance, body 

size and wing polymorphism as fixed effects. After dropping insignificant fixed effects model 

was refitted using site relative abundance as the random effect.  

 

Body size 

We fitted a LMM to examine the influence of environmental variables on body size of males and 

females combinedly using the lmer() function within the lme4 R package (Bates et al. 2015) with 

the fixed effects solar radiation, BIO12, FPC, soil moisture, wind speed and relative abundance. 

Final model was refitted using significant fixed effect. We conducted Type-II Wald Chi-square 

tests using the “car” R package (Fox and Weisberg 2011) to obtain P values for the fitted model.  

In addition, a linear model was fitted for body size of both males and females individually with 

significant fixed effect.  
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Results 

Environmental correlations with relative abundance  

We found a significant positive association of relative abundance with latitude (P = 0.001), soil 

moisture (P = <0.001), and wind speed (P = <0.001), whereas FPC showed significant negative 

association (P = <0.001), with total variance explained by the model = 23% (Fig. 4, Table 1).  

 

Table 1: Summary of multiple linear regression analysis for site relative abundance. 

Fixed Effects Estimate Standard error t value Pr(>|t|) 

Latitude 0.03 0.01 3.18 0.001 

Soil moisture 0.22 0.03 5.99 <0.001 

Wind speed 0.42 0.04 9.88 <0.001 

Foliage Projective Cover (%) -0.02 0.00 -14.78 <0.001 

 

FPC had the highest relative importance amongst other fixed effects followed by wind speed, 

soil moisture and latitude (Fig. 3, Table S3). Several sites in our study with elevation above 1000 

m (n =12 sites) had greater FPC (mean = 23.27 ± 5.92) (Fig. S4), compared to sites below 1000 

m elevation (n = 24 sites, mean = 10.01 ± 2.73). In the case of soil moisture, out of 36 sites, 17 

were categorized as having intermediate to high soil moisture and had an average relative 

abundance of 0.36 (± 0.06), compared to 19 sites with low soil moisture that had an average 

relative abundance of 0.29 (± 0.05).  
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Figure 3: Relative importance of four fixed effects on relative abundance in multiple regression 

analysis with bootstrapped 95% confidence intervals; FPC= Foliage Projective Cover (%); WS = 

wind speed (m/s); SM = soil moisture. 

 

Environmental correlations with morphology  

In total, 72 out of 954 (7.55%) individuals were winged, and 882 out of 954 (92.45%) were 

wingless. Within each of the 36 sample sites the proportion of winged individuals ranged from 0-

0.73 (mean = 0.10 ± 0.02) and wingless from 0.27-1.00 (mean = 0.90 ± 0.02). A positive 

correlation was found between FPC and wing presence (GLMM estimate = 0.03, P = 0.03 

conditional R2 = 0.41) (Fig. S2). However, other variables did not show any significant 

correlation with wing presence or absence (Table 2). The addition of site relative abundance as a 

random effect increased the fit of the model (random effect variance: 1.94, SD 1.39).  

 

Table 2: Summary of the generalized linear mixed-effects model (GLMM) for wing 

polymorphism, and stripe polymorphism. Significant associations are shown in bold.  

Fixed effects Estimate Pr (>z value) Estimate Pr (>z value) 

 Wing polymorphism Stripe polymorphism 

Solar radiation 0.58 0.06 0.31 < 0.001 

Wind speed -0.23 0.34 -0.08 0.66 

Foliage Projective Cover (%) 0.03 0.03 -0.00 0.87 

Soil moisture -0.08 0.87 0.26 0.18 

Relative abundance -0.56 0.06 0.06 0.40 

Body size -0.00 0.96 -0.04 0.45 

Stripe pattern -0.07 0.82 - - 

Wing pattern - - -0.05 0.85 
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In total, 15.6% of individuals were striped, 8.1% partially striped and 76.2% individuals were 

unstriped. Within each of the 36 sample sites the proportion of fully striped individuals ranged 

from 0-0.36 (mean = 0.15 ± 0.01), partially striped individuals ranged from 0-0.40 (mean = 0.09 

± 0.01) and unstriped individuals ranged from 0.58-0.93 (mean = 0.76 ± 0.01). The proportion of 

both fully and partially striped morphs in each site was positively associated with solar radiation 

(GLMM estimate = 0.31, P = < 0.001, conditional R2 = 0.042). No other significant associations 

were observed with stripe polymorphism (Table 2). Site relative abundance had no effect on the 

relationship and did not explain any of the variance.   

 

Body size varied within adult males (range 5.36-10.63 mm; mean = 8.25 ± 0.03 mm) and adult 

females (range 7.41-12.28 mm; mean = 10.3 ± 0.03 mm) along the sampled gradient. A 

significant positive correlation was found between body size and solar radiation (LMM: χ2 = 

5.56, df = 1, P = 0.01, conditional R2 = 0.079; Fig. S1). However, we did not find a significant 

association with other fixed effects (Table 3). Males were shown to have a stronger relationship 

(linear model P < 0.001) than females (linear model P = 0.03). Furthermore, site relative 

abundance had no influence on the relationship (random effect variance= 0.0). The nymphs of 

the species differ in colour and size from adults and were excluded from body size analysis. 

 

Table 3: Analysis of deviance table summary using Type II Wald Chi-square tests for linear 

mixed-effects model (LMM) fit for body size. Significant results are indicated in bold. 

Fixed effects Estimate Df Chisq Pr(>Chisq) 

Initial LMM 

Solar radiation 0.03 1.00 6.66 0.01 

Mean annual precipitation  0.03 1.00 2.84 0.09 

Foliage Projective Cover (%) 0.00 1.00 1.51 0.21 

Soil moisture 0.02 1.00 2.42 0.11 
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Wind speed -0.03 1.00 1.67 0.19 

Relative abundance 0.02 1.00 0.40 0.52 

Final model (after dropping insignificant fixed effects) 

Solar radiation 0.01 1.00 5.56 0.01 

 

Discussion 

Our study reveals significant relationships between environmental variables, site abundance and 

the distribution of morphological traits in an agricultural insect pest. We found site relative 

abundance was positively influenced by latitude, wind speed and soil moisture, and was 

negatively influenced by foliage cover. Solar radiation was the principal factor influencing stripe 

polymorphism and body size variation in P. vittatum. Furthermore, site relative abundance did 

not significantly associate with morphological traits. Our study demonstrates how multiple 

environmental factors can influence the distribution of morphological variation and relative 

abundance of P. vittatum, and contributes knowledge towards our capacity to understand how 

widespread pests cope with heterogeneous environments via morphological variation.  

 

Environmental variables and relative abundance 

Overall, higher numbers of P. vitattum were observed at southern latitudinal sites (Fig. 4a). 

Climatic variables that correlate with latitude can have strong effects on local abundance (Bale et 

al. 2002). For instance, in grasshoppers, climatic factors such as temperature and precipitation, 

are critical in controlling population dynamics, both directly by influencing life history traits, and 

indirectly by controlling resource availability (Fielding and Brusven 1990, Wysiecki et al. 2011, 

Jonas et al. 2015). However, identifying the influence of individual variables is challenging due 

to the complex interaction between them. For example, in our study sites, mean annual 

temperature is strongly correlated with mean annual precipitation (r = -0.83), and wind speed (r 

= -0.90) (Table S2). Furthermore, some of our sites are located near or within the Australian 

Alps (latitudinal range of 35-36 °S), which have higher elevation (Table S1) and receive greater 
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solar radiation (Fig. S3). These strong interactions make it difficult to effectively tease apart 

which variable is most significant in driving the variation in relative abundance of P. vittatum. 

Given that our model explains a modest 23% of the variance, additional factors such as host 

plant preferences, and complex interactions between climatic variables may also be involved in 

regulating the abundances. 

 

A decrease in relative abundance was observed with increased FPC (Fig. 4d). A higher 

percentage of FPC at high elevation sites in our study (Fig. S4) may hamper dispersal and 

connectivity among individuals, which in turn may reduce site relative abundances. Furthermore, 

this observed negative association between relative abundance and FPC is likely to be affected 

by site preference and resource availability. Open pastures and grazing areas are among the 

primary habitats of P. vittatum, where low FPC provides suitable sites for egg laying (Clark 

1967). Furthermore, high vegetation cover negatively affects early instar survival due to a 

scarcity of preferable food resources that grow in more disturbed areas (i.e., prostrate and 

rosette-forming plants growing under pasture) (Clark 1967). Lastly, in grasshoppers, basking is a 

crucial factor to regulate body temperature, facilitated by shuttling between sun and shade 

(Chappell and Whitman 1990), which is also exhibited by P. vittatum (Harris et al. 2015). 

Compromised thermoregulation due to high vegetation cover and reduction in suitable basking 

sites, could influence fitness and decrease relative abundance (Kearney et al. 2009), however 

further study is needed to examine the role of vegetation cover on fitness. A few points towards 

the end of the distribution indicate variability in the data but given the strong correlation are 

unlikely to drive the relationship. 

 



 43 

 

Figure 4: The relationship between four significant fixed effects used in multiple regression 

analysis and relative abundance; (a) latitude: (P = 0.001); (b) soil moisture (P < 0.001); (c) wind 

speed (P < 0.0001); and (d) Foliage Projective Cover (%) (P < 0.0001). 

 

Sites with greater wind speed had higher relative abundance (Fig. 4c) suggesting a role of 

wind-assisted dispersal in the population dynamics of P. vittatum. In insects, wind can aid 

long-distance migration (Drake and Farrow 1988) and drive selection processes (Dudaniec 

et al. 2018), and for pest species, wind assisted flight can lead to accelerated invasion to new 

areas, outbreaks and major crop losses (Drake 1994, Liebhold and Tobin 2008, Anderson et 

al. 2010). Wind speed and the presence of wings in P. vittatum are likely to facilitate both 

passive and active dispersal, respectively, facilitating its broad distribution. However, we 

did not find a significant relationship between wind speed and presence of wings (P= 0.792) 

and wind speed was found not to be negatively correlated with FPC. Wind speed can also 

regulate local ambient temperatures, and indeed, we found that wind speed was highly 

correlated with mean annual temperature (r = -0.90). Hence, a combined effect of wind 

speed and temperature is likely to be a key driver of relative abundance.  
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A significant effect of soil moisture on relative abundance is evident from our study (Fig. 

4b). Soil can control insect abundances via influencing life history traits of phytophagous 

insects, such as egg laying, nymphal development (as shown in the lubber grasshopper, 

Romalea microptera; Herrmann et al. 2010) or via regulation of habitat resources 

(McColloch and Hayes 1922) and controlling the growth of suitable food resources (Miao et 

al. 2018). Soil moisture content can support vegetation growth, this may compromise egg 

laying in P. vittatum because females preferentially lay egg pods in patches of bare ground 

(Clark 1967). However, high soil moisture content may facilitate food resource availability 

after emergence, supporting higher relative abundances, as observed in our study. Therefore, 

soil moisture may influence the life stages of P. vittatum differentially with greater benefits 

after emergence than during egg and early instar phases. Furthermore, the local distributions 

of P. vittatum has been found to be influenced by the interaction between soil moisture and 

the occurrence of parasitic nematodes and entomopathogenic fungi (Clift and Baker 1998, 

Milner and Prior 1994), indicating evidence for an indirect effect of soil moisture.  

 

Wing polymorphism and foliage projective cover 

Wing polymorphism is a common phenomenon in several insects with ecological and 

evolutionary implications (Harrison 1980, Roff 1986). Winged and wingless morphs may be 

retained in different frequencies depending on environmental conditions such as temperature, 

precipitation (Sasaki et al. 2002, Rosetti and Remis 2018) and habitat type (Denno 1994). For 

instance, planthoppers (Homoptera: Delphacidae), are more likely to have wingless morphs in 

more stable habitats, and dispersive, winged morphs in less stable habitats (Denno et al. 1991). 

Our study found a larger proportion of winged individuals at sites with high foliage cover (Fig. 

S2), which supports the observations of a previous study on P. vittatum by Clark (1967), who 

found that the wingless form was abundant in pastures (>75% wingless adults), and the winged 

form was abundant in forested areas (60-70% winged individuals). Our concurrent finding that 

relative abundance also decreases significantly with increased FPC (Fig. 4d) indicates that high 



 45 

FPC sites are not the preferred habitat of this species. This suggests that high foliage sites are of 

lower habitat suitability for P. vittatum and may select for higher frequencies of traits that 

facilitate dispersal into new areas, such as wings (Denno et al. 1996). 

 

The development of wings in insects can be a trade-off between dispersal and reproduction 

(Guerra and Pollack 2007, Guerra 2011, Steenman et al. 2015). For example, an analysis of life 

history traits of 22 insect species by Roff (1986) showed wingless forms have higher fecundity 

and reproduce earlier than winged forms. While wingless forms can show high fecundity and 

reproductive rates in stable, good quality habitats, in unfavorable environments, winged forms 

may be favoured for their high dispersal ability (Harrison 1980, Denno et al. 1991, Zera and 

Harshman 2001). The winged form of  P. vittatum may be advantageous for dispersal during 

outbreaks to avoid competition with conspecifics and locate new resources. For example, in an 

outbreak in 1980/1981, the winged form of P. vittatum was found to successfully undertake 

dispersal distances of 100m to >500m from the center of infested areas to favourable peripheral 

pastures (Farrow et al. 1982). Therefore, the presence of wings can provide additional benefit to 

this pest species to disperse to new areas, increasing widespread infestation. Lastly, population 

densities can also influence the frequency of winged and wingless individuals (Poniatowski and 

Fartmann 2009, Rios Martínez and Costamagna 2018). Our results also indicate a possible 

influence of relative abundance on the presence of wings in this species, however further study 

on density-dependent effects of relative abundance on the frequency of wings in P. vittatum is 

needed to clearly disentangle this effect. 

 

Stripe polymorphism and solar radiation  

Solar radiation is an important factor for the body temperature regulation in grasshoppers 

(Pepper and Hastings 1952), while melanism is important for the efficient use of solar radiation 

(Trullas et al. 2007). However, under high solar radiation, dark colouration might impose 

negative effects on fitness causing overheating of melanics, whereas lighter colour morphs may 



 46 

benefit in such conditions (Trullas et al. 2007). We found a positive correlation between solar 

radiation and individuals with white stripes in P. vittatum (Fig. 5, Table 2), which may be 

involved in reducing heat absorption in sites with higher solar radiation. Likewise, darker 

individuals without stripes in cooler sites may benefit from increased heat absorption efficiency 

(True 2003), but this remains to be tested. Effects of melanism on the thermoregulatory behavior 

of P. vittatum have been examined by Harris et al. (2013a, 2013b), who found darker morphs 

(unstriped morph) warm up rapidly and also have preferred high temperature as compared to 

lighter morphs. The presence or absence of stripes may therefore be under selection due to its 

important role in thermoregulation (Harris et al. 2013b).  

 

Figure 5: The change in striped morph (striped and partially striped pattern) and unstriped 

morph frequency is shown along the solar radiation gradient. White corresponds to the 

proportion of striped morphs within a site, and black corresponds to the proportion of unstriped 

morph within a site. 

 

Several other factors such as predator avoidance via crypsis, disassortative mating or density-

dependent selection exerted by predators (Dearn et al. 1984) may also influence the maintenance 

and distribution of stripe polymorphism. Disassortative mating is beneficial for maintaining 
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alleles responsible for a rare phenotypic trait (Follett et al. 2007). In P. vittatum, a strong 

selective constraint on striped individuals with homozygous CS genotypes has been indicated 

previously via observations of their reduced viability (Dearn 1984). Strong viability selection on 

the homozygous genotype indicates a possible role of disassortative mating (observed in P. 

vittatum by Dearn 1980 and 1984) in maintaining heterozygous genotypes for stripe pattern. The 

co-occurrence of striped and unstriped morphs within sites also suggests that balancing selection 

may be operating to maintain stripe polymorphism in this species, which may be driven by 

fitness advantages of different morphs under different environmental conditions (e.g., in relation 

to solar radiation). Further study is needed to identify the role of disassortative mating and 

frequency-dependence in maintaining stripe polymorphism, and secondly, whether genes 

associated with stripes are under environmental selection, which may help to unveil the traits’ 

adaptive significance. 

 

The relatively low frequency of striped and partially striped individuals observed in our study is 

consistent with observations made in previous studies (Dearn 1981, 1984, Harris et al. 2012). 

Furthermore, we did not find a significant association between foliage cover and stripe pattern as 

was observed by Dearn (1984). This is possibly due to our use of foliage cover as a continuous 

variable (%), as opposed to Dearn (1984), who applied a categorical approach (forest vs pasture) 

with a much smaller spatial scale with just two 50-100 km transects located approximately 100 

km apart. It is also likely that some unmeasured variables influenced the results of Dearn (1984). 

This inconsistency with the observations made by Dearn (1984) suggests that the relationship 

between stripe polymorphism and forest habitat does not hold true at broader spatial scales. 

Furthermore, an increase in the frequency of striped individuals (including striped and partially 

striped) was found from north to south (ranging from 28°S - 38°S) in Dearn (1981). The 

significant positive correlation between stripe pattern and solar radiation we find in the current 

study suggests that solar radiation is likely to be one of the contributing variables shaping this 

latitudinal increase in stripe pattern morphs. 
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Body size and solar radiation  

Body size variation in insects is a vital life history trait due to its relation with physiology and 

fitness (Honek 1993, Nylin and Gotthard 1998), and exhibits clinal variation along latitudinal 

gradients in many ectotherms. Bergmann’s rule states that body size increases with latitude, but 

no single pattern has been found in insects (Blackburn et al. 1999, Chown and Gaston 2010, 

Cushman et al. 1993, Kaspari and Vargo 1995). Factors such as temperature, seasonality, 

humidity, diet, and interactions among these factors can cause linear or non-linear clines in 

ectotherm body size (Roff 1980, Kennington et al. 2003, Ho et al. 2009, Çağlar et al. 2014). 

 

  In P. vittatum, body size variation was previously explained by rainfall and radiation 

seasonality (Harris et al. 2012). Our study suggests that solar radiation is significantly associated 

with increased body size in both males and females (Fig. S1, Table 3). Our finding of an 

insignificant relationship between annual precipitation and body size (Table 3) contrasts with 

previous observations made by Harris et al. (2012), which found this association to be 

significant. The number of study sites analysed (n = 61) in Harris et al. (2012) was larger than in 

the present study (n = 36) and spans a latitudinal gradient that is approximately 8 degrees wider. 

However, in the current study we analyse nearly five times the number of individuals as in Harris 

et al. (2012) (i.e. 198 individuals versus 954 individuals), allowing us to gain meaningful 

averages per site and higher data resolution. 

 

Furthermore, the strong association between solar radiation and latitude in our study, suggests 

other factors associated with latitude may also influence body size variation in P. vittatum. For 

example, the availability of a longer growing season at higher latitudes may extend growth and 

development periods and result in larger adult body size (Blanckenhorn 2000, Blanckenhorn and 

Demont 2004). Larger body size, in turn, can have further fitness advantage such as increased 

chances of survival and mating (e.g. Waller and Svensson 2017). Our study suggests that 

climatic and topographical variables are interacting selection pressures acting on the latitudinal 
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variation in body size in P. vittatum. Further study using genetic analyses that examine 

signatures of selection along the sampled environmental gradient would be beneficial to 

elucidate this.  

 

Conclusion 

Environmental changes can drive an increased frequency of invertebrate pest outbreaks that 

bring economic costs and threaten food security (Macfadyen et al. 2018). Knowledge of how 

environmental conditions and habitat variation are correlated with morphological traits in 

invertebrate pests is therefore a necessary step for understanding pest responses and persistence 

under variable climatic conditions. Our study identifies a significant role of environmental and 

climatic variables on the relative abundance and distribution of morphological variation in P. 

vittatum, indicating that this species exhibits high variability, and potential adaptive responses 

that assist survival in different environments. We find that variation in body size, and in two 

discrete morphological traits, wing presence and stripe polymorphism can be maintained at large 

spatial scales, likely as a result of spatially varying selective pressures that are at least partially 

explained by environmental gradients. Notably, our study uses a dataset collected in just one 

season and provides a snapshot of correlations that may or may not be upheld over longer 

temporal scales, perhaps due to shifts in weather and resources. The results of this study are 

informative for investigation into the genetic basis of selection on morphology and environment, 

and ultimately be informative for understanding the future spread and persistence of this 

agricultural pest. 
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(A) Phaulacridium vittatum female chewing grass; (B) striped and unstriped morph of 

Phaulacridium vittatum at one of the collection sites (photos: Sonu Yadav). 
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Abstract  

Widespread species that exhibit both high gene flow and the capacity to occupy heterogeneous 

environments make excellent models for examining local selection processes along 

environmental gradients. Here we evaluate the influence of temperature and landscape variables 

on genetic connectivity and signatures of local adaptation in Phaulacridium vittatum, a 

widespread agricultural pest grasshopper, endemic to Australia. With sampling across a 900 km 

latitudinal gradient, we genotyped 185 P. vittatum from 19 sites at 11,408 single nucleotide 

polymorphisms (SNPs) using ddRAD sequencing. Despite high gene flow across sites (pairwise 

Fst = 0.0003-0.08), landscape genetic resistance modelling identified a positive non-linear effect 

of mean annual temperature on genetic connectivity. Urban areas and water bodies had a greater 

influence on genetic distance among sites than pasture, agricultural areas, and forest. Together, 

Fst outlier tests and Environmental Association Analysis (EAA) detected 242 unique SNPs 

under putative selection, with the highest numbers associated with latitude, mean annual 

temperature, and body size. A combination of landscape genetic connectivity analysis together 

with EAA identified mean annual temperature as a key driver of both neutral gene flow and 

environmental selection processes. Gene annotation of putatively adaptive SNPs matched with 

gene functions for olfaction, metabolic detoxification and ultra-violet light shielding. Our results 

imply that this widespread agricultural pest has the potential to spread and adapt under shifting 

temperature regimes and land cover change. 

 

Keywords 

Landscape genomics, Phaulacridium vittatum, grasshopper, landscape resistance, local 

adaptation, Environmental Association Analysis. 
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Introduction 

Differential local selection pressures can result in spatially structured patterns of adaptive genetic 

variation (Schoville et al., 2012, Manel and Holderegger, 2013) that are generally considered to 

arise when gene flow is limited (García Ramos and Kirkpatrick, 1997). High gene flow between 

populations may interfere with local adaptation by homogenising locally adapted genotypes and 

alleles under weak selection (Antonovics, 1976, Lenormand, 2002, Yeaman and Whitlock, 

2011). However, the establishment and maintenance of local adaptation also depends on the 

introduction of novel genetic variation on which selection can act (Kawecki and Ebert, 2004, 

Tigano and Friesen, 2016, Fitzpatrick et al., 2015), and local adaptation may still occur under the 

neutralising effects of high gene flow (trees: Gonzalo-Turpin and Hazard, 2009, frogs: Muir et 

al., 2014, sharks: Momigliano et al., 2017, e.g. birds: Attard et al., 2018). Despite expectations 

that high genetic connectivity limits selection on adaptive loci within populations (Kawecki and 

Ebert, 2004, Rasanen and Hendry, 2008, Barton and Partridge, 2000), what we know about the 

interplay between gene flow and local adaptation remains varied and inconsistent (Savolainen et 

al., 2013). Therefore, concurrent examination of both neutral genetic connectivity and signatures 

of selection are needed to understand the relative contribution of these two processes in shaping 

adaptive genetic processes. 

 

The interaction between gene flow and local adaptation is of particular interest for species that 

occupy large geographic ranges and a broad ecological niche. Many insect pests fit this 

description and experience variable environmental conditions across heterogeneous landscapes. 

Studies have reported the influence of abiotic environmental variables (e.g. Llewellyn et al., 

2003, Sandrock et al., 2011, Zhang et al., 2018), geographic barriers (Wang et al., 2017) and 

landscape features (Keller et al., 2013, Lozier et al., 2013) on neutral gene flow in widespread 

insects. Regarding local adaptation in insect pests, some studies identify loci under selection in 

relation to environmental gradients (Janes et al., 2014, Manel et al., 2009, Feng et al., 2015), and 

insecticide resistance (Crossley et al., 2017, Paris et al., 2010). However, selection processes 
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relating to climate variables have not been well documented in insect pests (Kirk et al., 2013, 

Hoffmann, 2017, Pelissie et al., 2018), resulting in limited knowledge about their evolutionary 

response to shifting climate regimes. Despite their clear interaction, studies that simultaneously 

examine landscape or climate-mediated gene flow, as well as selection processes in the same 

study system are scarce. 

 

Polymorphisms in physical characteristics are often observed across the distributions of some 

invasive or pest insects (e.g. Pener and Simpson, 2009), as well as developmental trait changes in 

response to temperature gradients, such as changes in hatching time (Falt-Nardmann et al., 

2016), diapause (Moraiti et al., 2014), and voltinism (Yamanaka et al., 2008). In insects, 

morphological traits relevant for dispersal (e.g. wing presence, wing length), thermoregulation 

(e.g. melanism) and fecundity (e.g. body size) can offer fitness advantages across variable 

environments (Roff, 1986, Tanaka et al., 2012, Rosetti and Remis, 2018, Trullas et al., 2007), 

and may lead to selection at the genomic level (Brisson, 2010, Maeno and Tanaka, 2010, Bai et 

al., 2016, Zhang et al., 2019). The success of widespread generalist insects appears to be largely 

determined by interactions between morphology, environment, and behavior, which are affected 

by both neutral and adaptive genetic processes. Teasing apart these processes for economically 

important insect species is a contemporary challenge under current climate and land use change. 

 

Landscape genomics approaches allow for complementary assessment of how environmental and 

landscape features influence genetic connectivity (Manel and Holderegger, 2013), and 

environmental selection processes (Balkenhol et al., 2017, Ahrens et al., 2018). Recent 

advancements in statistical approaches like Environmental Association Analyses allow for the 

correlation between allele frequency and environmental variables to be tested (Frichot et al., 

2013, Coop et al., 2010, Gunther and Coop, 2013), and may identify selection on many genes of 

small effect (Rellstab et al., 2015). Identifying key drivers of neutral and adaptive landscape 

genomic relationships requires concurrent analyses of genetic connectivity and environmental 
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selection using the same dataset. For widespread species in particular, such a two-tiered 

analytical approach allows for a more complete understanding of how neutral genetic 

connectivity interacts with adaptive genetic divergence.  

 

Commonly known as the wingless grasshopper, Phaulacridium vittatum, is endemic to Australia 

and considered a pest of agricultural pasture and crops (Key, 1992). Despite existing historically 

in low numbers within native forests and grasslands, increasing pastural and agricultural land use 

is thought to have triggered population expansions and outbreaks (Key, 1992, Dearn, 1984). 

Adult P. vittatum can cause serious damage to pasture and compete with livestock for green 

clover when green pasture is at a shortage during the summer (Bailey et al., 1994). The species 

also causes damage to tree nurseries (including native eucalyptus; Loch and Floyd, 2001), and 

economically important crops such as grapes, vegetables, and fruit trees (Roberts, 1972, Clark, 

1967). Cyclic outbreaks of P. vittatum have been recorded every four or five years and are often 

observed during unusually dry weather conditions (Roberts, 1972).  

 

Morphological variation in P. vittatum has been described in four distinct morphological traits: 

wing presence/absence, dorsal stripe polymorphism, color polymorphism, and body size (Yadav 

et al., 2018, Harris et al., 2012). Previous studies on P. vittatum showed significant associations 

between wing presence, stripe polymorphism and body size with local habitat (i.e. foliage cover) 

and climatic conditions (i.e. solar radiation, precipitation), and latitude (Dearn, 1984, Harris et 

al., 2012, Harris et al., 2013a, Harris et al., 2015, Yadav et al., 2018, Clark, 1967). Furthermore, 

melanism determined by the presence or absence of dorsal stripes provides thermoregulatory 

advantage such that darker indiviuduals with no stripes maintain higher body temperatures 

(Harris et al., 2013b, Harris et al., 2013a). These previous findings provide evidence for 

morphological tracking of environmental gradients and suggest a fitness advantage of different 

morphotypes in particular environments. However, the genetic basis or selection processes acting 

on this morphological variation are unknown.  
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Given that P. vittatum is common, with a large population size, broad distribution and a capacity 

to move long distances (Key, 1992), high levels of gene flow are expected. Nonetheless we 

predict that landscape and climatic features will affect genetic connectivity and adaptive genetic 

variation given the diverse environmental conditions the species occupies. With a sampling 

design spanning a ~900km latitudinal gradient of the P. vittatum distribution along the east coast 

of Australia, we conduct a landscape genomic analysis to examine, 1) how temperature and land 

cover affect neutral genetic connectivity; and 2) whether patterns of adaptive genetic variation 

are associated with environmental variables  and/or variation in morphological traits (via FST 

outlier tests and Environmental Association Analysis; EAA). Our approach demonstrates a 

simultaneous assessment of landscape and climate effects on neutral gene flow and adaptive 

genetic variation, with implications for informing spatially-explicit management strategies for 

pest species across environmental gradients. 

 

Materials and Methods 

Study species and sampling 

The wingless grasshopper (P. vittatum; Acrididae) is endemic to Australia with a widespread 

distribution in the eastern parts of the continent (Latitude: 23°- 43°S; Elevation: 0-1500m; Key 

1992), largely concentrated towards the coastline where agricultural areas and grazed pastures 

are dominant. This species breeds annually and has non-overlapping generations. Hatching takes 

place in late spring (October-December) with adults emerging in summer (December-February). 

Development involves five instar stages and adults survive until late March and sometimes into 

April or May (Clark, 1967).  

 

Collection of P. vittatum (adult and nymph) was undertaken in late January to early February in 

2017, for two weeks, from 19 sites that spanned ~900km between -29.18° to -36.52°S (Table S1, 

Fig. 1A). Spatial coordinates (latitude, longitude) and elevation was recorded for each site using 

a handheld GPS device (Garmin International Inc., Olathe, KS, USA). We implemented a 
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paired-gradient sampling design where possible, with at least two sites per latitudinal range (see 

Dudaniec et al., 2018). This design is recommended to ensure representation of environmental 

heterogeneity with spatial replication (Rellstab et al., 2015), and is found to be more effective at 

detecting weak spatial selection in comparison to random or transect designs (Lotterhos and 

Whitlock, 2015). Grasshoppers were collected from semi-bare grassy patches along roadsides, 

borders of national parks, dry and green pastures and from shrubland in the Australian 

Kosciuszko alpine region, with a total elevational range spanning 133-1573 m above sea level 

(a.s.l.) and mean annual temperature gradient ranging from 6.0 to 17.4°C (Table 1). Insect sweep 

nets or small plastic jars were used to capture P. vittatum, approximately equal proportions of 

males and females were collected from each site. All samples were stored in 95% ethanol for 

DNA preservation.  

 

Table 1. Details of total number of samples analysed for each site.  
 

Site ID No. of samples Female 
N 

Male 
N 

Elevation 
(m) 

Mean annual temperature 
(°C) 

1 10 5 5 802 15 
2 10 5 5 1103 13.2 
3 10 5 5 1309 11.6 
4 10 5 5 1045 12.8 
5 10 5 5 483 16 
6 10 5 5 413 15.9 
7 8 4 4 133 17.4 
8 10 5 5 421 15.5 
9 10 5 5 816 12.5 
10 10 5 5 984 11.8 
11 10 3 7 738 12.5 
12 10 5 5 982 11.1 
13 10 5 5 400 14.3 
14 10 5 5 633 13.1 
15 8 4 4 226 15.4 
16 10 6 4 665 12.5 
17 10 5 5 1004 10.4 
18 10 5 5 1573 6.7 
19 9 4 5 1548 6 
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Morphological data 

Phaulacridium vittatum exhibits variation in wing presence or absence; the majority of 

individuals have short non-functional wings whereas others have long functional wings. Studies 

have demonstrated an increased frequency of winged individuals in areas of high vegetation 

cover and near forested habitats (Yadav et al., 2018, Clark, 1967). This species also exhibits a 

stripe pattern polymorphism with three morphotypes (Dearn, 1984): 1) two complete white 

dorsal longitudinal stripes, 2) partial white stripes from head to pronotum, and 3) complete 

absence of stripes (Key, 1992). Stripe polymorphism appears to be controlled by a tri-allelic 

autosomal locus (CS=full stripe; CI=partial stripe; CP=plain) with a dominance hierarchy, 

represented as, CS> CI > CP (Dearn, 1983). The function of stripes is not fully understood but 

may have implications for predator avoidance, mate choice or thermoregulation (Dearn, 1984, 

Harris et al., 2013b, Harris et al., 2013a, Dearn, 1980, Yadav et al., 2018). We examined 

morphological characters for each captured live individual and recorded data in the following 

categories 1) stripe polymorphism: fully striped, partially striped and unstriped; 2) wing 

dimorphism: winged and wingless. We measured femur length (in mm) using vernier calipers 

(accurate to 0.02 mm), which is a commonly-used proxy for body size in grasshoppers (Masaki, 

1967, Mousseau and Roff, 1989, Lehmann and Lehmann, 2008).  

 

DNA extraction, sequencing and filtering 

DNA extraction was undertaken using the head tissue of 188 individuals of P. vittatum (from 19 

sites), performed at the Diversity Arrays Technology sequencing (DArTseq) facility (Canberra, 

Australia; more detail in Supplementary Information S1). A modified double-digest restriction-

site associated DNA (ddRAD) sequencing protocol described in Kilian et al. (2012) was 

performed using a combination of PstI-HpaII restriction enzymes in library preparation. The PstI 

enzyme adaptor was modified to contain an Illumina adaptor sequence, primer sequence and a 

variable-length barcode as described by Elshire et al. (2011), whereas the HpaII adaptor 

contained an Illumina flow cell attachment and overhang sequence. Digested and ligated 
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fragments with PstI-HpaII adaptors were amplified and sequenced on an Illumina HiSeq2500 

and after trimming, reads of 65bp in length were obtained, each with a unique identifier. DNA 

sequences were aligned via BLAST using the Locusta migratoria reference genome with an E-

value: 5e-3 and minimum sequence identity of >70%. To check for contamination, sequences 

were also aligned to bacterial and fungal genomes (NCBI). Further information on Single 

Nucleotide Polymorphism (SNP) calling, quality checking and filtering is in the supplementary 

information (Text S1).  

  

DNA sequences were subject to further filtering using the filter_dart() function of the Radiator 

package (Gosselin, 2017) in R (Team, 2017). SNPs were excluded with a reproducibility of 

<90%, a call rate of <60% (i.e., the genotype is called in a minimum of 60% of the samples) and 

a depth of coverage of <8x. A minor allele frequency (MAF) threshold of ≥ 0.02 was applied to 

filter alleles using a SNP-based approach to exclude alleles potentially resulting from sequencing 

error. A minimum of two populations (out of 19) was required to pass the MAF threshold in 

order to retain the SNP marker. 

 

Fst outlier detection 

Analyses to detect selection were conducted on the full SNP dataset, which included all SNPs 

per RAD tag but excluded tightly linked loci identified using PLINK v1.9 (Purcell et al., 2007) 

(with one marker from each pair excluded with R2 >0.8; following Xuereb et al., 2018a). We 

used two Fst outlier detection methods to assess for congruence across approaches: 1) 

OutFLANK (Whitlock and Lotterhos, 2015), and 2) BayeScan 2.1 (Foll and Gaggiotti, 2008). 

OutFLANK is based on the Lewontin and Krakauer (1973) method, while accounting for 

sampling error and non-independence between sampled populations. OutFLANK detects outliers 

under divergent selection by initially inferring the Fst distribution from multiple loci and then 

fits a χ2 model to the centre of the distribution, resulting in a null distribution. This null 

distribution is then used to detect outlier loci. We used a left and right trim value of 0.05 as 
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suggested by Whitlock and Lotterhos (2015). Two runs of OutFLANK were performed, initially 

setting the total number of putative genetic clusters (K) to 19 (total number of sites) and a second 

run was performed using K based on the outcome of the STRUCTURE analysis (see below). 

Loci with an expected heterozygosity of <10% were excluded as recommended by Whitlock and 

Lotterhos (2015), and the false discovery rate (FDR) was set to ≤5%. 

 

BayeScan works on a Dirichlet multinomial distribution and accounts for different rates of 

immigration across subpopulations. Outlier loci under selection are detected by estimating 

Bayesian posterior probability using a Reversible Jump Markov Chain Monte Carlo algorithm. 

BayeScan identifies putative SNPs under positive (i.e. leads to increasing Fst) or negative (i.e. 

leads to decreasing Fst) selection, the latter having much lower certainty and a higher FDR. In 

BayeScan, we implemented a 50,000 burn-in, 100,000 total number of iterations, prior odds set 

to 100 and FDR of ≤5%.  

 

Genetic structure analysis 

To obtain a putatively neutral SNP dataset for genetic structure analyses, an ‘unlinked’ dataset 

with a single SNP per locus (chosen randomly per RAD tag) was generated to reduce the effects 

of physical linkage. We tested for loci deviating from Hardy-Weinberg Equilibrium (HWE) 

using the pegas R package (Paradis, 2010) and excluded loci from the ‘unlinked’ dataset that 

deviated from HWE at a 0.05 (simulations = 1,000) significance threshold in at least 10 of our 

19 sites. Finally, we removed Fst outliers identified above and this filtered dataset was used for 

genetic structure and connectivity analyses.  

 

We calculated pairwise Fst between 19 sites (Reynolds et al., 1983) in Arlequin 3.5 (Excoffier 

and Lischer, 2010) with a 0.05 significance level and 1,000 permutations. Isolation by distance 

(IBD) was assessed using a Mantel test of pairwise Fst and geographic distance (km) between 

sites (number of permutations=100,000) in VEGAN v2.5-2 package in R (Oksanen et al., 2013). 
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Genetic structure was further investigated using STRUCTURE 2.3.2 (Pritchard et al., 2000), 

which uses a Bayesian algorithm to assign individuals with shared ancestry into groups. Genetic 

structure analysis was carried out without providing prior location information, using the 

admixture model with correlated allele frequencies. To reduce computational time, we ran 

STRUCTURE parallelly on multiple cores using StrAuto (Chhatre and Emerson, 2017). We used 

50,000 burn-in, 500,000 MCMC repeats with a range of K from one to 12 and ten iterations per 

K. The optimal K was selected using STRUCTURESELECTOR (Li and Liu, 2018), which 

assigns a subpopulation to a cluster if the membership coefficient mean MedMeaK (median of 

means), MaxMeaK (maximum of means) or median MedMedK (median of medians) and 

‘MaxMedK’ (maximum of medians) to a particular cluster is greater than the threshold value of 

0.5. In addition, STRUCTURESELECTOR also perform the ΔK method (Evanno et al., 2005, 

Puechmaille, 2016), which compares the rate of change in log likelihood between each K and 

selects K with the maximum value of ΔK. 

 

Temperature and landscape data 

To test the effects of temperature and landscape variables on genetic connectivity in P. vittatum, 

two geographic datasets were used in raster format: 1) mean annual temperature (BIO1, hereafter 

referred to as 'Annual Temp') and 2) land cover. Annual Temp data for the study extent was 

downloaded from WorldClim v1.4 database (Hijmans et al., 2005) at ~1km2 resolution. 

Temperature was predicted to be a major factor influencing genetic connectivity due to its 

important role in dispersal (Whitman, 1987), the population dynamics of grasshoppers 

(Chapman, 1990) and the distribution of herbivorous ectotherms (Bale et al., 2002, Pepper and 

Hastings, 1952). The preferred temperature range of P. vittatum is 27.5-30°C, and it avoids 

temperatures below 15°C (Harris et al., 2015). Thus we hypothesized warmer areas provide less 

resistance to dispersal for P. vittatum. The values for Annual Temp were therefore inverted to 

test for increasing resistance as temperature decreases.  
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Land cover data were downloaded from the Department of Agriculture and Water Resources, 

The Australian Bureau of Agricultural and Resource Economics and Sciences, Land use 

management (ABARES, 2017) and converted to a cell resolution of 150m x 150m. Based on 

prior ecological knowledge of P. vittatum's distribution and abundance in different habitats  and 

locations (Clark, 1967), we collapsed land cover data in to five categories from least to most 

resistance by recoding the corresponding categories within the raster from 1-5 using the r.reclass 

module in GRASS GIS (Neteler et al., 2012). The categories were as follows: 1) pastures and 

agricultural areas 2) rural infrastructure, 3) forest and conservation areas, 4) urban area, 5) water 

bodies (Fig. S1).  

 

The lowest resistance to movement was assigned to pasture and agricultural areas. Our previous 

study supports this classification because sites with the highest relative abundance of P. vittatum 

had low vegetation cover and occurred in agricultural areas (Yadav et al., 2018), while such 

areas are also suitable for egg laying in P. vittatum (Clark, 1967). The second least-resistance 

land cover was assigned to rural areas comprised of animal and plant production facilities and 

rural residential areas with and without agriculture, which are often present close to pastoral 

areas. The third ranking was assigned to forest and conservation areas. Forested areas were 

hypothesized to provide more resistance to movement than rural areas because P. vittatum is 

absent from rainforest and dense sclerophyll forested areas (Key, 1992) but can be found near 

the boundary of pasture and forested areas (Dearn, 1984), and grasslands within forested national 

parks. Urban areas were assigned with fourth ranking (i.e. manufacturing, urban residential, 

transport, and other service infrastructure). The final and most resistant land cover was assigned 

to water bodies (i.e., lake, reservoir, river, marsh and estuary water), which are considered a 

significant barrier to movement. 

 

Landscape resistance surface generation 
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To assess the influence of temperature and landscape variables on genetic connectivity, we used 

an isolation by resistance approach applying circuit theory (McRae and Beier, 2007) and sample 

size corrected Akaike information criterion (AICc) model selection. This approach has been 

shown to effectively identify isolation by resistance including linear and non-linear relationships 

(Dudaniec et al., 2013, Dudaniec et al., 2016, Shirk et al., 2010). We generated multiple 

resistance surfaces from our parameterised Annual Temp and Land Cover data to test for 

multiple hypotheses about their effects on genetic distance. To generate alternative resistance 

surfaces with varying resistance, we apply a similar method as implemented in (Dudaniec et al., 

2013, Dudaniec et al., 2016), which is a modified approach of Shirk et al. (2010), whereby 

different values of intercept (α) and slope (γ) parameters are used to create linear and non-linear 

resistance surfaces. We applied the following formulas to generate resistance relationships: 

ri= 1+ α (Ti – 1/max -1) γ     [1]     

ri= 1+ α (Li – 1/max -1) γ     [2]     

Here, ri is the resistance of cell i, Ti is the Annual Temp of cell i [1], Li is the rank of Land Cover 

type of cell i [2], and max is the maximum value of the raster surface. Furthermore, α determines 

the maximum possible resistance value and γ determine the shape of the relationship (slope) 

between tested variables and resistance. As outlined above, resistance was assumed to be 

negatively associated with Annual Temp and positively associated with Land Cover rank.  

 

We created resistance surfaces for all combinations by varying the values of parameters α and γ. 

We used five α values and seven γ values:  α=0,5,10,100,1000 and γ=0.01, 0.1,0.5,1,5,10,100 for 

each of the Annual Temp and Land Cover datasets, resulting in 29 different resistance surfaces 

for each dataset with subtle differences in the degree of resistance. An α=0 equated to a null IBD 

model where all raster cells were assigned a value equal to one, indicating no influence of 

resistance on genetic connectivity. The values of γ <1 are resistance surfaces with increased 

sensitivity, γ=1 represents a linear resistance relationship and γ >1 are resistance surfaces with 

reduced resistance sensitivity (Fig. 2).  
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                   (A) 

 

                   (B) 

 

Figure 2. Line plots of landscape resistance models tested for mean annual temperature (BIO1) 

and Land Cover rank on Fst matrix. The γ values represents the shape of the slope (the 

linear/non-linear relationship between variables tested and resistance). Values on Y axis 

represents α with variables degree of resistance. (A) All tested parameters of γ on BIO1 are 

represented by different lines, line plot with γ=0.5 represents the best selected model. (B) tested 

values of γ on Land Cover ranking, line plot with γ=10 represents the best selected model. 

1=pasture areas and agricultural areas, 2=rural development, 3=forest and conservation 

areas, 4=urban, 5=water bodies. 
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Pairwise resistance distance matrices were calculated for all 29 transformed rasters for both the 

variables (i.e., Annual Temp and Land Cover) using CIRCUITSCAPE v 4.0.5 (Shah and McRae, 

2008). CIRCUITSCAPE applies electrical circuit theory to identify all possible pathways of 

movement between focal points across a given raster dataset and calculates average cumulative 

resistance between each pair of the sampling site. The pairwise mode was used to obtain 

pairwise resistance matrices between 19 sample sites with a 4-cell connection scheme such that 

each sampling site was connected to its neighbouring four cells.  

 

Landscape genetic resistance modelling 

Pairwise resistance distances between sites created in CIRCUITSCAPE for both Annual Temp 

and Land Cover were input as predictors of genetic distance (Fst) between sites using a mixed-

effects model with maximum likelihood population-effects (MLPE) (Row et al., 2017) as 

implemented within the MLPE_rga() function of “ResistanceGA” R package (Peterman, 2018). 

The MLPE approach was found to have the highest accuracy in predicting landscape resistance 

relationships out of seven regression-based model selection methods assessed in a recent review 

(Shirk et al., 2018).  

 

To identify which model(s) best described genetic distance between sites, multi-model inference 

was used to obtain a candidate list of models based on AICc scores for both Annual Temp and 

Land Cover in the MuMIN v1.40.4 R package (Barton, 2018). As AIC model selection was 

found to outperform other model selection approaches within MLPE (Row et al., 2017) we used 

AICc to evaluate the goodness of fit (Burnham and Anderson, 2003). The model with the lowest 

change in AICc score (ΔAICc=0) and largest AIC weight (wAICc) was considered as most 

parsimonious. The inference was made from the relative importance of multiple models, which is 

more informative than a single best-selected model in the case of model uncertainty (Burnham 

and Anderson, 2003). We followed the ΔAICc criteria classification mentioned in Burnham and 

Anderson (2003) to obtain the models with the highest support.  
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Environmental data for EAA 

We chose environmental variables deemed relevant for local adaptation in P. vittatum based on 

existing ecological and biological knowledge of the species (Yadav et al., 2018, Harris et al., 

2015, Harris et al., 2012). Justification of the environmental variables used in EAA is presented 

in the supplementary Information (S2). Annual Temp, annual precipitation (BIO12), mean 

temperature of warmest quarter (BIO10), mean temperature of coldest quarter (BIO11), 

precipitation of the warmest quarter (BIO18), precipitation of the coldest quarter (BIO19) were 

extracted from WorldClim version 1.4 (Hijmans et al., 2005). Data for annual wind speed and 

annual solar radiation were extracted from WordClim version 2.0 (Fick and Hijmans, 2017). All 

data were extracted at a resolution of ~1 km2 (Table S1 per site information). Foliage projective 

cover (% FPC) was extracted from Terrestrial Ecosystems Research Network AusCover database 

(TERNAusCover, 2011) at a resolution of 5x5m. To extract FPC values, a buffer of 100m was 

used around each sampling site from which cell values were averaged using the raster R package 

(Hijmans and van Etten, 2014). 

To determine soil moisture and soil acidity per site, soil type data for each site were obtained 

from the Office of Environment and Heritage, New South Wales (OEH, 2017) and raster values 

were extracted for each site using QGIS v2.18 (QGIS, 2016). Soil moisture per site was 

classified based on clay content and water holding capacity of the soil as described by The 

Australian Soils Classification guidelines (ASC) and 'Great Soil Group' (GSG) (Raymond, 

2016). Likewise, pH was used to assess soil acidity, soils with pH <5.5 were classified as 'acidic' 

and coded as 1, whereas soils >5.5 pH were classified as 'non-acidic' and were coded as 0 (Table 

S1), which is consistent with the soil acidity classification criteria of ASC and GSG.   

 

To assess collinearity between the 11 environmental variables, latitude, longitude and elevation 

for use in EAA, we performed pairwise Pearson’s correlation analyses of the site-based 

environmental data in R (Table S2) and discarded highly correlated variables (r| > 0.80). The 
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removal of highly correlated environmental variables is recommended for EAA as high 

collinearity may limit the ability to tease apart effects of individual variables and may lead to 

inconclusive results (Rellstab et al., 2015). After removing highly correlated variables, latitude 

plus six environmental variables were used in LFMM: (i) Annual Temp, (ii) BIO18, (iii) Wind 

Speed, (iv) % FPC, (v) soil moisture and (vi) soil acidity. We chose to retain Wind Speed despite 

having a high correlation with Annual Temp (r=-0.86) due to its significant role in determining 

relative abundance of P. vittatum (Yadav et al., 2018) and potential role in selection in insects 

(e.g. Dudaniec et al. 2018). 

 

Morphological association analysis 

Three discrete morphological traits were examined for significant SNP x morphology 

associations: wing dimorphism, stripe polymorphism and body size. Collinearity among the three 

morphological predictors and between the morphological and environmental predictors was 

assessed (Pearson r| > 0.80) before including them in the analysis (Table S2). Winged 

individuals were coded as 1, and wingless individuals as 0. Stripe pattern was divided into four 

categories:1) fully striped 2) partially striped 3) both fully and partially striped (“Striped”), and 

4) unstriped (described in Yadav et al., 2018). Finally, body size (based on femur length) was 

tested for SNP associations as a continuous variable. Body size is sex biased in this species, 

whereby females have larger body size than males, therefore to confirm outliers obtained from 

EAA are associated with body size and not biased by sex, we performed a t-test on allele 

frequencies of each outlier SNP and sex (coded as a binary variable).  

 

Detecting environmental and morphological signatures of selection - EAA 

Using the full dataset, we conducted SNP-association analyses for both environmental variables 

and morphological traits using the Latent Factor Mixed Model (LFMM) program (Frichot et al., 

2013) within the LEA R package (Frichot and Francois, 2015). LFMM examines the association 

between environmental factors and allele frequencies using Markov Chain Monte Carlo 
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algorithm while accounting for neutral genetic structure by introducing it as a latent factor and 

can effectively detect loci under weak selection (Frichot et al., 2013). We performed LFMM 

with 100,000 iterations after a 10,000 burn-in, five repetitions for each variable and the number 

of latent factors was based on STRUCTURE analysis outcome. Median z scores were combined 

across five runs, and adjusted p values were calculated as recommended by Frichot and Francois 

(2015). The Benjamini-Hochberg procedure was applied to obtain candidate loci with an 

expected FDR of 5%. To examine inflation in the test statistics Genomic Inflation Factor (GIF) 

was calculated using the formula λ=median (z2)/0·456 as described by (Devlin and Roeder, 

1999) for each variable individually. GIF scores of each variable were then assessed for its 

closeness to 1.0 as suggested by Frichot and Francois (2015). When LFMM detected more than 

one SNP marker on the same RAD tag, we randomly retained one of the markers for analyses of 

common and unique associations among variables. 

 

Gene annotation 

Gene annotations were sought for all unique RAD tags that contained SNPs under putative 

selection (identified via Fst outlier tests and EAA) using the NCBI BLAST platform (Johnson et 

al., 2008). Due to the unavailability of a P. vittatum genome, RAD tags were aligned to the 

Locusta migratoria genome (Wang et al., 2014) using the BLASTN mode, with an E-value 

threshold of 0.0001. Sequences were also annotated to genes classified as ‘insects’ (Taxid:6960), 

using BLAST with an E-value threshold of 0.0001. 

 

Results 

Data filtering 

The sample size of sequenced individuals ranged from 8-10 individuals per site (mean=9.72 ± 

0.16; Table 1). A total of 37,644 SNP markers (including polymorphic and monomorphic) were 

initially obtained from DArTseq with an average of 0.11 polymorphic information content (PIC; 

an index ranging from zero to one that indicates allelic variation per SNP marker). After filtering 
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SNPs using filter_dart(), we identified 56 tightly linked SNPs (with LD correlation R2 >0.8) 

using PLINKv1.9 that were then excluded, resulting in a final full dataset of 11,408 SNPs. For 

genetic structure analysis, a total of 3,257 SNPs were retained, which included only one SNP per 

RAD tag (i.e. ‘unlinked’) and excluded Fst outliers (see below), and loci deviating from HWE 

(n= 203). Three samples from three different sites were excluded from the dataset due to poor 

sample quality or a high proportion of missing data, resulting in a final sample size of 185 

individuals. 

 

Fst outlier detection 

Out of 11,408 total SNPs, OutFLANK identified three outlier SNPs under divergent selection 

that showed no evidence of linkage as they were located on separate DNA fragments and were 

not identified to be in linkage disequilibrium using PLINKv1.9 (Table S3, Fig. S2A). Both 

runs of OutFlank (i.e. with K=19 and K=3; identified by STRUCTURE, below) identified the 

same three outlier SNPs. BayeScan identified 16 outlier SNPs under divergent selection, also 

located on distinct DNA fragments (Table S4, Fig. S2B) and a single outlier under balancing 

selection. All three outliers detected by OutFLANK were in common with the outliers 

detected by BayeScan. 

 

Genetic structure 

Pairwise Fst analysis using 3,257 SNPs (filtered as described above) varied between 0.0003-

0.08 across sites with mean Fst=0.030 (Table S5). A Mantel test indicated no IBD (P=0.79, 

Mantel statistic r=-0.080; Fig. S3). STRUCTURE (Pritchard et al., 2000) analysis indicated the 

most likely number of genetic clusters to be three (K=3), based on the agreement between ΔK 

method and estimators of STRUCTURESELECTOR (Fig. S4). Out of the four estimators of 

STRUCTURESELECTOR i.e. MedMed, MedMean, MaxMed, and MaxMean, all except 

MaxMed indicated optimal K to be 3 (Fig. S4). Based on these results we used K=3 as the 

optimal K for further analyses. However, individuals were weakly assigned to each cluster with 
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high genetic admixture (Fig. 1B). Based on a ≥ 0.50 assignment probability cut-off, mean (±s.e.) 

assignment probabilities to each cluster was as follows: cluster 1=0.70 (±0.01), cluster 2=0.68 

(±0.05) and cluster 3=0.67 (±0.02). Individuals from more northern and mid latitudinal ranges 

(sites 1-11) were predominantly assigned to cluster 1 (Fig. 1B), whereas individuals from 

southern latitudes (sites 12-19) were chiefly assigned to cluster 2. Some north latitude sites (sites 

1-4) also showed a greater assignment to cluster 2, than mid latitudinal sites (sites 5-8). Cluster 3 

has a low frequency overall but was represented more in southern sites (sites 15-19). 
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(B) 

 

150
 Longitude( °S)

5

10

15

20

−3
6

−3
4

−3
2

−3
0

 L
at

itu
de

( °
S)

0 100
KilometersKil

0

5

0

°



 77 

Figure 1.  A) Map of sample sites (n=19) displayed against the mean annual temperature map 

(BIO1). STRUCTURE analysis indicated three genetic clusters (K=3) shown in three different 

colors in the pie chart (Yellow=Cluster 1; White=Cluster 2; Black=Cluster 3). The proportion of 

the pie chart indicates the assignment probability of individuals to the respective clusters based 

on the population Q-matrix obtained from STRUCTURE. B) Bar plot of assignments of 

individuals to each cluster, the proportion of colour represents the proportion of individual 

assignment to each of the three genetic clusters. Clusters are grouped together based on sampled 

sites divided by a red line. 

 

Landscape genetic resistance 

 For Annual Temp, models with ΔAICc >1 were excluded from the confidence set of models 

(Table 2), which resulted in a candidate set of eight resistance surfaces (out of 29). The best 

supported resistances surface for Annual Temp was α=1000 and γ=0.5 (ΔAICc=0.00, wi=0.07), 

which indicates that maximum resistance is 1000 times greater than zero (Fig. 3A). The value of 

γ=0.5 indicates temperature influenced genetic connectivity non-linearly, with upper mean 

annual temperatures of around 19°C providing close to zero resistance to genetic connectivity 

(Fig. 2A). Together the eight-confidence set of models covered a weight of 0.46 (Table 2). All 

confidence sets of resistance surfaces had γ values <1, indicating resistance surfaces with 

increased resistance sensitivity were most supported.  

 

For Land Cover, models with ΔAICc >2 were excluded from the candidate set of models, which 

provided a set of 10 candidate resistance surfaces (Table 2). The most supported resistance 

surface had α=100 and γ=10 (ΔAICc=0.00, wi=0.18) (Table 2, Fig. 3B). This suggests that the 

landscape resistance to gene flow is 100 times greater than zero and shows a non-linear 

relationship across sites. Resistance due to land cover rank was close to zero until rank three (i.e. 

pasture/agricultural areas, rural infrastructure, and forest/conservation areas), but started to 

increase up to rank five (i.e. water bodies; Fig. 2B). Together a confidence set of 10 models 
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covered a total weight of 1.00 (Table 2). The confidence set of models had γ values ranging from 

5,10 to 100 (i.e. above γ=1), indicating resistance surfaces with lower land cover resistance are 

favoured in the model selection. Furthermore, our best-selected resistance surface for Land 

Cover was ten times less resistant to genetic connectivity (α=100) compared to the best-selected 

Annual Temp resistance surface (α=1000) (Fig. 3B), indicating a higher impact of temperature 

on genetic connectivity than land cover.  

 

(A)                                                                        (B) 

   

Figure 3. Landscape surfaces identified as the best-selected surfaces in landscape genetic 

modelling analysis; A) Mean annual temperature (BIO1); B) Land Cover. The darker regions 

represent highest resistance. Land Cover provides 10 times less resistance than BIO1. 

(Inset=Line plot of best selected model). Land cover ranking: 1) Pastures and agricultural areas 

2) Rural infrastructure, 3) Forest and conservation areas, 4) Urban area, 5) Water bodies. 
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Table 2. List of the candidate set of models and null model (maximum possible resistance α= 0; 

represents no resistance by landscape) for mean annual temperature (BIO1) and Land Cover. 

α=degree of resistance; γ=shape of the correlation. 

Alpha (αα) Gamma (γγ) logLik AICc  Delta Weight (wi) 
 Mean annual temperature 

1000 0.5 473.58 -938.92  0.00 0.07 
100 0.5 473.57 -938.91  0.01 0.07 
10 0.5 473.52 -938.79  0.13 0.07 

1000 0.1 473.23 -938.21  0.71 0.05 
5 0.5 473.23 -938.21  0.71 0.05 

100 0.1 473.22 -938.21  0.71 0.05 
10 0.1 473.21 -938.17  0.75 0.05 
5 0.1 473.19 -938.14  0.78 0.05 

Null model - 473.02 -937.81  1.12 0.04 
 Land Cover 

100 10 473.73 -939.22  0.00 0.18 
10 10 473.25 -938.25  0.98 0.11 
10 5 473.17 -938.09  1.13 0.10 
5 5 473.16 -938.08  1.15 0.10 

1000 100 473.12 -938.00  1.23 0.10 
5 10 473.09 -937.94  1.28 0.09 

100 100 473.06 -937.89  1.34 0.09 
10 100 472.97 -937.69  1.53 0.08 
5 100 472.94 -937.64  1.59 0.08 

Null model - 472.87 -937.50  1.72 0.07 
 
 
Environmental and Morphological Association Analysis 
 
LFMM analysis identified a total of 262 SNPs under putative selection out of 11,408 total SNPs 

(2.3%) of which 231 (mean Fst=0.17±0.01; Fig. S5) were located on unique DNA fragments and 

these were used in further analysis. Out of 231 SNPs, 177 SNPs were associated with 

environmental variables (unique and overlapping) and 54 SNPs were associated with 

morphological variables (Table 3). For geographic and environmental variables, the highest 

number of SNPs detected as being under putative selection were associated with latitude (n=100, 

with n=84 uniquely associated) and Annual Temp (n=37, with n=22 uniquely associated) (Table 

3). Fourteen SNPs associated with Wind Speed (Fig. S6), but these also associated with other 

variables, including Annual Temperature (n=7 in common), providing limited evidence for an 

independent effect of Wind Speed on local adaptation.
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For morphological associations, the highest number of SNPs (n=39) were associated with body 

size (Table 3, Fig. S7A). Of these associations, 36 were unique to body size. All SNPs with 

possibly high linkage were excluded from the analysis during filtering thus it would be difficult 

to assess whether these SNPs unique to body size are part of a gene block or are in linkage. Only 

three outliers that associated with body size were also significantly associated with sex (P value 

<0.05), indicating that body size outliers were not biased by differences between the sexes. For 

signatures of selection in relation to stripe polymorphism, the highest number of SNP-

associations were with the partially striped morph (n=12, all unique SNP associations). Only a 

few associations were found with the fully striped morph (n=1) and unstriped morph (n=1; Table 

3, Fig. S7B). No associations were found in relation to wing dimorphism. GIF values (mean= 

0.84 ±0.03) ranged from a minimum of 0.63 for partially striped to a maximum of 1.06 for Wind 

Speed, while other variables had GIF scores close to 1.0. GIF scores and p-value distributions for 

each tested variable indicated that confounding genetic structure was well-accounted for in the 

model and our chosen FDR threshold was appropriate (Fig. S8). 

 

Gene annotation 

Gene annotation of DNA fragments that contained SNPs identified via Fst outlier tests or EAA 

resulted in successful annotation of four SNPs, using the L. migratoria genome on the BLAST 

database (Table S6). All four annotated SNPs were identified only using EAA and showed 

significant associations with latitude (n=1), Annual Temp (n=1), and body size (n=2) in LFMM. 

The SNPs associated with latitude and body size were annotated to cell membrane receptors 

(glutamate receptor 3 and ionotropic glutamate receptor gene), which are involved in 

neurotransmission, chemical signaling, and olfaction (Dingledine et al., 1999, Usherwood, 

1994). The SNP associating with Annual Temp was annotated to the gene glucosyl glucuronosyl 

transferase (mRNA gene), which transcribes an enzyme involved in the transfer of a glucuronoyl 

group to other molecules and has a role in metabolism (Ahn et al., 2012). Furthermore, 

annotation to ‘insects’ as an organism using BLAST did not result in any additional annotations. 
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Discussion 

Using complementary analyses of neutral landscape genetic connectivity and adaptive genetic 

variation, we find evidence for local adaptation in the presence of high gene flow along an 

environmental gradient for the grasshopper, P. vittatum. Using a landscape genetic resistance 

approach, we were able to detect subtle barriers to genetic connectivity, mainly due to low mean 

annual temperatures. Cleared, agricultural habitat was associated with increased genetic 

connectivity, however resistance of this land cover was 10 times less than for temperature. 

Further, mean annual temperature was associated with the greatest number of SNPs under 

putative selection compared with other variables. Our independent analyses of landscape 

resistance to gene flow and detection of selection signatures show that temperature is a dominant 

variable influencing evolutionary and dispersal processes in this agricultural pest. With respect 

to morphological variables, selection on body size was most evident based on the number of 

positive SNP associations. SNP annotations indicated the involvement of genes that may be 

relevant for local environmental adaptation across latitudinal gradients. By applying this two-

tiered approach to a widespread pest species, we provide insights into the spatial drivers of 

genetic connectivity and the capacity of this agricultural pest to adapt to diverse local 

environments.  

 

Temperature and land cover effects on genetic connectivity 

Widespread species with high dispersal capacity often show less pronounced spatial genetic 

structure with lower Fst distributions (e.g. Llewellyn et al., 2003, Yin et al., 2017, Vorburger et 

al., 2003). Minimal genetic structuring in P. vittatum was anticipated due to the species’ high 

abundance and mobility across pastures and agricultural areas of Australia (Yadav et al., 2018, 

Farrow et al., 1982). The lower genetic differentiation in wide-ranging species is often coupled 

with an absence of IBD (e.g. in cotton aphids: Gholamian et al., 2018) as found in the current 

study for P. vittatum. However, in species with broad tolerances in terms of habitat and climatic 
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conditions, environmental factors may still facilitate or restrict gene flow in more subtle ways 

that are not detectable using standard, non-spatially explicit analyses of genetic structure. 

 

In ectotherms, temperature predominanty controls locomotion (Whitman, 1987), developmental 

rates (Clissold and Simpson, 2015) and habitat selection (Gillis and Possai, 1983) with important 

consequences for population size and dispersal (Fielding and Brusven, 1990, Cannon, 1998). Our 

analysis found that resistance due to mean annual temperature had an effect on genetic 

connectivity that was ten times greater than land cover, providing evidence for the crucial role of 

temperature in regulating neutral genetic connectivity in P. vittatum. Studies have found that P. 

vittatum maintains its body temperature via behavioral thermoregulation, and this is facilitated 

by body melanism (Harris et al., 2013b, Harris et al., 2013a). Lower temperatures may therefore 

prevent preferred body temperatures from being maintained, which in turn may significantly 

restrict the dispersal and distribution of individuals with consequences for genetic connectivity. 

 

The best resistance model for land cover indicated that pasture, agricultural areas, rural areas and 

forested areas facilitate movement and do not limit genetic connectivity of P. vittatum (Fig. 2B). 

These land cover types provide preferred temperatures and offer food resources such as pasture 

and clover (Roberts, 1972). Further, previous findings of high abundance of the winged form 

(i.e. morph relevant for increased dispersal) within shrub dominated areas and forest margins 

(Yadav et al., 2018, Clark, 1967) is consistent with our finding of low resistance to gene flow 

across partially forested areas. Though less of an effect than temperature, water bodies and urban 

areas were found to be significant barriers to gene flow and may restrict the movement of P. 

vittatum. This is possibly due to the difficulty in crossing large water bodies, and a limited 

availability of food resources in urban areas. Hence, our landscape genetic connectivity analysis 

suggests that the future spread of P. vittatum will be facilitated by the expansion of pastoral and 

agricultural land use, in combination with increasing temperatures under climate change. In 

Australia, a 0.4-2.0°C increase in annual average temperature is predicted by 2030 (Hughes, 
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2003). Additionally, Australia is undergoing rapid land clearing for pasture and agricultural 

purposes (Bradshaw, 2012, Evans, 2016). These rapid changes in landscape and temperature 

may therefore facilitate more frequent outbreaks of this species by supporting high population 

sizes and increasing economic damage.  

 

Evidence for local environmental adaptation 

From an evolutionary perspective, gene flow can either facilitate or impede local adaptation, 

depending partially on the strength of local selection pressures (Garant et al., 2007). We find 

evidence for selection along our sampled environmental gradient, indicating local adaptive 

processes in P. vittatum. Similar to our finding of a dominating effect of mean annual 

temperature on landscape genetic connectivity, temperature was associated with the highest 

number of SNPs under putative selection in P. vittatum. Our results are consistent with other 

studies that have reported (via EAA and outlier tests) a key role of temperature in driving 

adaptive genetic differentiation in insects (e.g. Dudaniec et al., 2018, Feng et al., 2015, 

Waldvogel et al., 2018), and in other systems (e.g. trees: Jordan et al., 2017, marine 

invertebrates: Xuereb et al., 2018b, vertebrates: Manthey and Moyle, 2015). 

 

Although there was a small number of SNPs associated with soil moisture, all were unique to 

this variable, indicating that soil moisture may be a selection pressure for P. vittatum. This 

possibility is supported by our recent study on P. vittatum that reported a positive correlation 

between soil moisture and relative abundance along the same gradient (Yadav et al., 2018). Soil 

moisture significantly influences the viability of offspring in grasshoppers (Herrmann et al., 

2010) and may affect local population distributions via the presence of parasitic nematodes and 

entomopathogenic fungi of P. vittatum (Clift and Baker, 1998, Milner and Prior, 1994) and in 

other Orthoptera (Barbercheck, 1992). Notably, of all tested variables, latitude had the highest 

number of SNP associations (n=100, unique= 84), which likely reflects a combination of 

environmental changes along the sampled latitudinal gradient. Given the latitudinal pattern of 
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genetic admixture we found (Fig. 1B), the unique SNPs associating with latitude may be false 

positive signatures of selection affected by neutral genetic structure or may be related to untested 

environmental variables. 

 

Morphological variations and signature of selection 

Out of all morphological variables tested, body size had the highest number of SNP associations 

in P. vittatum. Notably, the latitudinal cline in body size and the correlation of latitude with other 

environmental variables makes it difficult to tease apart selection signatures on body size alone. 

However, 92% (36 out of 39) of the SNPs under putative selection for body size were not 

significantly associated with any other environmental variable, and all except three outlier SNPs 

(92%) were unbiased by sex, indicating that these associations are not likely to be confounded by 

the effects of latitudinal genetic structure and sex. Notably, one of the SNP outliers relating to 

body size only was detected by both the Fst outlier approaches as well as EAA and exhibits a 

striking change in allele frequency along the sampled gradient (Fig. 4). Previously we found 

larger body size in higher solar radiation sites towards southern latitudes suggesting a possible 

underlying thermoregulatory advantage (Yadav et al., 2018). Our current results indicate that the 

latitudinal cline in body size of P. vittatum may have an adaptive genetic basis. 
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Figure 4. Allele frequency change across sites is shown for one SNP that was correlated with 

body size using all outlier detection methods (i.e., two Fst outlier approaches and LFMM). This 

SNP shows a distinct north-south divide in allele frequency. The frequency of each SNP allele is 

displayed as the proportion of individuals with the allele per site (white – ‘Allele A’; black – 

‘Allele B’), shown over BIO18=Precipitation of the warmest quarter (mm).  

 

The lack of selection signatures in relation to wing dimorphism may suggest more complex or 

subtle genetic processes governing this trait, such as polygenic and additive gene interactions 

(e.g. Lotterhos et al., 2018, Babin et al., 2017) or polyphenism (phenotypic plasticity where a 

single genotype produces different phenotypes) as reported in several insect groups including 

Orthoptera (Zera, 2003, Simpson et al., 2011, Zhang et al., 2019). The small number of SNP 

associations with stripe polymorphism indicated some evidence for selection on this trait, and 

associations were largely detected for the partially striped morph. Notably, the sensitivity of the 

EAA analysis as indicated by the GIF value within the LFMM (Table 3) and conservative P 
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values for this variable (Figure S8) is indicating higher confidence in these outliers (Frichot and 

Francois, 2015).  

 

Gene annotation of candidate SNPs  

Our annotation of candidate SNPs provided some evidence that functional genes (i.e. glutamate 

and ionotropic receptors) may be under selection and thus, involved in local adaptation of P. 

vittatum across environmental gradients. SNPs associated with these gene functions were also 

associated with body size and latitude (Table S6). Glutamate receptors (GluRs) mediate 

neurotransmission in the brain and are expressed largely in the central nervous system 

(Dingledine et al., 1999). Notably, the ionotropic receptors (IRs), a subfamily of ionotropic 

GluRs have been shown to be involved in olfaction in migratory locusts (Wang et al., 2015) as 

well as chemical signalling and environmental cue detection in other insects (Benton et al., 2009, 

Croset et al., 2010, Rytz et al., 2013). This involvement of GluRs and IRs in key pathways of 

detecting environmental cues, suggests that genes coding for these membrane proteins are 

putatively under differential selective pressures across variable environments and may provide a 

fitness advantage in P. vittatum via improved perception of the immediate environment.  

 

Another annotation identified  glucosyl glucuronosyltransferases among our candidate SNPs. 

Uridine diphosphate-glucuronosyl transferase (UGT) is an important enzyme of the 

detoxification pathway and catalyses the addition of sugars to lipophilic compounds (Ahn et al., 

2012). The detoxification role of UGT has also been well demonstrated in herbivorous insects 

(Ahn et al., 2011, Heidel-Fischer and Vogel, 2015) and pest insects (e.g. Krempl et al., 2016). 

Additionally, UGT is involved in UV-shielding (Daimon et al., 2010), and pigmentation (Bock, 

2016, Krempl et al., 2016). Along our sampled gradient, the annotated SNP relating to UGT was 

uniquely associated with mean annual temperature, a variable where selection pressures relating 

to ultra-violet light and the development of melanism are relevant. However, further experiments 
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are required to establish this relationship between temperature and expression of UGT and to 

examine the underlying genetic architecture of the genomic regions under selection.  

 

Conclusion 

Using a landscape genomic approach, we identify the relative contribution of common 

environmental drivers of both neutral and adaptive genetic processes, which are otherwise 

challenging to detect under conditions of high gene flow. In the widely distributed pest, P. 

vittatum we identify subtle landscape and climatic effects on genetic connectivity and 

environmental selection processes, despite weak genetic structure. Regarding the future impacts 

of P. vittatum as an agricultural pest, increased future temperatures under climate warming and 

land clearing are likely to facilitate a wider distribution and spread of this species to other areas. 

Increased availability of suitable habitat and temperatures may support higher population sizes 

leading to greater chances of outbreak and higher economic costs due to reduced agricultural 

production. Our study highlights the value of considering neutral and adaptive genetic processes 

together to understand the roles of gene flow and local adaptation in driving evolutionary 

responses in widely distributed species. 
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 (A) Kosciuscola tristis pair (smaller male and larger female); (B) Kosciuscola tristis male 

(photos: Sonu Yadav) 
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Abstract 

Elevation gradients are strongly associated with abiotic factors that can influence the abundance 

and morphological traits of species. Population size and morphological variation have 

consequences for species persistence during the current, and unprecedented rates of 

anthropogenic climate change. In mountainous regions, temperature gradients can structure 

communities and partition intraspecific variation, and this may reflect susceptibility to climate 

change. Across three regions (Thredbo, Guthega and Jagungal) within Kosciuszko National 

Park, Australia, we examine elevational variation in species relative abundance and intraspecific 

body size among three co-occurring grasshopper species of the genus Kosciuscola (K. usitatus, 

K. tristis, and K. cognatus), which are endemic to the Australian Alpine region. Species-specific 

variation in relative abundances was observed, whereby the relative abundance of K. usitatus 

decreased with increasing elevation. On the contrary, the relative abundance of K. tristis 

increased with elevation. No significant change in the relative abundance of K. cognatus with 

elevation was observed, but it was negatively correlated with foliage cover. Body size changes 

were observed with increasing elevation according to sex and species. Body size decreased with 

elevation in both male and female K. usitatus, and this pattern was similarly observed in female 

K. tristis and male K. cognatus only. Our results demonstrate spatial partitioning of species and 

body size in relation to elevational gradients within an alpine habitat. Changes in relative 

abundance, and morphology within this assemblage might be indicative of sensitivity to climate 

change and may be useful for predicting the future distribution of this grasshopper assemblage. 

 

Keywords 

Australian Alps, Kosciuscola, grasshopper, species composition, Orthoptera, elevation. 
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Introduction 

 Alpine species are often adapted to narrow thermal ranges, making them sensitive to increasing 

temperatures (Williams et al., 2008, Laurance et al., 2011) and are likely to be more adversely 

influenced by climate change than widespread species (Dirnböck et al., 2011, La Sorte and Jetz, 

2010). Elevational gradients in alpine ecosystems are characterised by steep changes in climatic 

and vegetation variables. Such sharp environmental clines may impose differential selection 

pressures on species that may lead to changes in their composition and diversity (Hilt and 

Fiedler, 2005, Zenker et al., 2015, Beccacece et al., 2016, Sundqvist et al., 2013). Changes to 

species composition and diversity along elevation gradients have been reported in several 

systems (plants: Mota et al., 2018; moths: Brehm and Fiedler, 2003, Zenker et al., 2015; dung 

beetles: Herzog et al., 2013; birds: Rahbek, 1997), indicating that many species are sensitive to 

these gradients across spatial scales. For specialist species with narrow thermal and spatial 

niches, increased sensitivity to changing thermal regimes is expected, so understanding how 

populations respond to elevation gradients, which in turn are strongly associated with 

environmental variables, is necessary to understand species vulnerabilities to climate change. 

 

Alpine ecosystems provide an ideal system to investigate processes that determine species 

assemblages along environmental gradients. Rapid changes in temperature and vegetation 

patterns along elevation gradients may occur over short distances (Körner, 2007) and correspond 

with shifts in species assemblages (Bateman et al., 2010, Ramirez-Bautista and Williams, 2019, 

Martin-Regalado et al., 2019). Studies of assemblages along elevational gradients have identified 

high species richness at mid altitudes, a phenomenon consistent across many regions and taxa 

(reviewed in Colwell et al., 2004). However, studies that have looked at changes in species 

assemblages with elevation in ectotherms (invertebrates) have reported diverse results that span 

negative (Lee et al., 2011), positive (Mccoy, 1990) and hump-shaped relationships (Werenkraut 

and Ruggiero, 2014). Environmental conditions such as climate (i.e. temperature, radiation, 

precipitation), topography and productivity are amongst the major drivers of such changes in 
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species assemblages (Lomolino, 2001, Currie and Kerr, 2008). In addition, elevational 

segregation in species distributions are also influenced by physiological tolerances, climatic 

preferences, and microhabitat use (Wachter et al., 1998, Werenkraut and Ruggiero, 2014, Röder 

et al., 2017, Birkett et al., 2018). Thus, understanding changes in species abundance in response 

to temperature-elevation gradients may provide insight into the drivers of species assemblage 

structure across fine spatial scales. 

 

Body size is an important functional trait related to fitness, survival, growth, and physiology 

(reviewed in Chown and Gaston, 2010, Kleiber, 1947) and in insects, body size is largely 

influenced by temperature (Whitman, 2008, Sheridan and Bickford, 2011). Bergmann’s rule 

states that body size will increase with an increase in latitude, and this rule was later extended to 

elevational gradients (Brehm and Fiedler, 2004, Shelomi, 2012, Bergmann, 1847). While no 

single pattern has been applied in ectotherms, this rule is largely applied to mammals and birds 

(reviewed in Shelomi, 2012, Vinarski, 2014, Cardilini et al., 2016). In contrast to endotherms, 

body size in ectotherms (i.e. including insects), is generally positively correlated with 

temperature with smaller individuals in cooler climates (Mousseau, 1997, Berner and 

Blanckenhorn, 2006, Buckley et al., 2014, Telfer and Hassall, 1999), however there is no single 

consistent pattern across the insect taxa (Brehm et al., 2018, Maveety and Browne, 2014). This 

inconsistency indicates that the underlying mechanisms controlling body size may vary across 

species and locations, and more studies on different taxa may offer possible explanations for 

these inconsistent patterns in ectotherms as well sex-specific body size changes.  

 

Insects frequently differ in body size between sexes with females being the larger sex (Chown 

and Gaston, 2010), which is also observed in Orthoptera (Bidau et al., 2016, Hochkirch and 

Gröning, 2008). In species with sexual size dimorphism, males and females may show distinct 

variation in body size along environmental gradients, likely due to different selection pressures 

acting on males and females of the same species (Stamps, 1993, Fairbairn, 1997, Teder and 
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Tammaru, 2005). For instance, a study by Blanckenhorn et al. (2006b) showed 66 out of 98 

species of vertebrates and invertebrates showed steeper latitudinal cline in male body size than 

females. One key mechanism driving such pattern is possibly the presence of greater selection 

pressures on female body size compared to male body size (Fairbairn, 2005). However, other 

studies have shown females may show variable body size as a consequence of variable 

environmental conditions and ecological pressures such as habitat, substrate use, and 

developmental period (García Navas et al., 2017, Fairbairn et al., 2007, Laiolo et al., 2013). 

Understanding sex-specific variation in body size along elevation gradients could provide insight 

into the environmental mechanisms generating such clines.  

 

Alpine ecosystems are particularly susceptible to climate change (Gobiet et al., 2014, IPCC, 

2014) and the Australian Alps are no exception. Since 1979 the Australian Alps have 

experienced a decline in precipitation by 6%, an increase in temperature at an average of 0.4°C 

and a substantial decline in snow depth since 1954 (Nicholls, 2005, Hennessy et al., 2003, 

Sánchez-Bayo and Green, 2018, Wahren et al., 2013). The Australian alpine bioregion is further 

threatened by fire, sub-alpine vegetation encroachment and increased impact of invasive species 

(Hoffmann et al., 2018). Such impacts have been linked to alterations to the survival rates, 

distribution and population dynamics of endemic alpine species (Green, 2010, Nicholls, 2005). 

For instance, the overwintering survival rates of invertebrates subject to reduced snow cover may 

be reduced because snow acts as a buffer from fluctuating temperatures and insulates eggs 

during cold winter months (Bale and Hayward, 2010). However, important baseline studies 

examining environmental impacts on alpine communities’ fitness with subsequent effects on 

their population demography and persistence are limited in the Australian alps, particularly in 

case of invertebrates. 

 

Here we examine the effect of temperature-elevation gradients on species relative abundances 

and body size in three co-occurring alpine grasshoppers of the genus Kosciuscola (K. usitatus, K. 
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tristis, and K. cognatus), all endemic to Australia. The three Kosciuscola species (Orthoptera: 

Acrididae) occur commonly in the Kosciuszko region but are thought to differ in elevational 

distribution, with K. cognatus being the most widely distributed species (Tatarnic et al., 2013) 

followed by K. usitatus. K. tristis has the narrowest elevational distribution among all the species 

in the Kosciuscola genus (Slatyer et al., 2014). However, the distributions are anecdotal 

observations and are not empirically examined in the three species. The three grasshopper 

species show variation in cold tolerance limits (Slatyer et al., 2016), whereby K. usitatus has the 

highest cold tolerance (CTmin= −3 °C), followed by K. tristis (CTmin= −2 °C) and K. cognatus 

(CTmin= −1 °C). Further, populations at higher elevation showed a higher CTmax compared to 

populations at lower elevation for K. usitatus and K. tristis, but not for K. cognatus (Slatyer et 

al., 2016). Despite differences in elevational niche, the three species have been shown to overlap 

in their elevational distributions. K. cognatus can occupy low to middle elevation areas (900m -

1700m), whereas K. tristis (1500-2000m) and K. usitatus (1400-2200) are found more 

commonly at middle to high elevations (Slatyer et al., 2016, Campbell and Dearn, 1980).  

 

We examine a grasshopper assemblage (three species) of the genus Kosciuscola along 

elevational transects within three mountain regions of the Kosciusko National Park in the 

Australian Alps: Thredbo, Guthega and Jagungal. Given differences in species' cold tolerances 

and elevational niche breadths, we test, (1) how species differ and overlap in relative abundances 

along temperature, elevation and vegetation gradients, and (2) whether temperature-elevation 

gradients are associated with variation in body size among males and females of each species.  

 

Materials and methods 

Study species 

The genus Kosciuscola is comprised of six known species that are all are endemic and spread 

throughout the alpine, sub-alpine region and lowlands of Australia (i.e. in New South Wales and 

Victoria) (Rehn, 1957, Tatarnic et al., 2013). The three focal species of this genus: K. usitatus, K. 
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tristis, and K. cognatus are flightless and are commonly distributed in the Kosciuszko alpine 

region ranging from montane woodlands to alpine areas (Slatyer et al., 2016). All three-

grasshopper species have non-overlapping generations (Campbell and Dearn, 1980, Umbers et 

al., 2013). Adults lay eggs during autumn and summer and hatching takes place in spring 

(Campbell and Dearn, 1980, Umbers et al., 2013). Sexual dimorphism in body size is known in 

all three species whereby females have a larger body size than males (Umbers et al., 2013, 

Slatyer et al., 2016). 

 

Study sites and collection  

Samples were collected in the Kosciuszko region within the south-east of New South Wales of 

Australia, which is a large alpine and sub-alpine region on the Australian mainland. Sampling 

was undertaken for two weeks in late February to early March 2017. Using a line transect 

approach we collected samples starting from elevational range of 1400 m to 2,000 m at every 

50m increment in elevation. However, at some sites sampling with an increment of 50m was not 

possible due to topological challenges. In such cases samples were collected from points with an 

approximate 50m increment, which lead to collection from two sites at 1550 m and three sites at 

1600 m in Thredbo and one 1730 m site in Guthega. Furthermore, species were absent from 

some of the points on the transect, resulting in no capture. Samples were collected from a total of 

48 sites (where a minimum one of the species was present) across three locations: 1) Thredbo (-

36.49°S), 2) Guthega (-36.37°S) and 3) Mt. Jagungal (-36.03°S; Table 1).  
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Table 1: Sample site information (sites where a minimum of one of the species is present are 

shown here) of the three regions, with environmental variables extracted per site. FPC= Foliage 

Projective Cover, Elevation (metre above sea level). 

 

Latitude Longitude Region Transect Elevation Annual 
precipitation 

Temperature FPC 

(°S) (°S) (m a.s.l.) (mm) (°C) (%) 
-36.52 148.26 Thredbo T1 1549 1872.34 18.78 26.14 
-36.52 148.26 Thredbo T1 1551 1895.21 18.64 0 
-36.52 148.26 Thredbo T1 1596 1892.91 18.67 40.31 
-36.53 148.27 Thredbo T1 1600 1898.01 18.59 48.7 
-36.52 148.26 Thredbo T1 1600 1898.18 18.63 18.72 
-36.52 148.26 Thredbo T1 1636 1951 18.35 39.58 
-36.52 148.26 Thredbo T1 1650 1974.07 18.23 30.84 
-36.52 148.26 Thredbo T1 1697 2103.15 17.64 53.63 
-36.51 148.27 Thredbo T1 1741 2161.72 17.38 1.97 
-36.51 148.27 Thredbo T1 1797 2257.41 16.9 0 
-36.51 148.27 Thredbo T1 1849 2328.05 16.53 24.84 
-36.5 148.27 Thredbo T1 1896 2356.2 16.37 0.03 
-36.5 148.27 Thredbo T1 1937 2402.31 16.12 10.33 
-36.5 148.3 Thredbo T2 1414 1701.74 19.86 62.32 
-36.49 148.3 Thredbo T2 1672 2064.72 17.72 64.57 
-36.49 148.29 Thredbo T2 1802 2298.34 16.61 60.32 
-36.49 148.29 Thredbo T2 1869 2363.26 16.26 47.33 
-36.52 148.26 Thredbo T3 1746 2183.8 17.29 11.4 
-36.51 148.25 Thredbo T3 1796 2265.53 16.92 9.76 
-36.51 148.25 Thredbo T3 1845 2335.62 16.57 56.38 
-36.51 148.25 Thredbo T3 1890 2387.43 16.29 50.37 
-36.51 148.25 Thredbo T3 1940 2437.5 16.01 20.76 
-36.51 148.25 Thredbo T3 1990 2496.12 15.65 21.34 
-36.38 148.37 Guthega T1 1600 1747.55 18.52 18.53 
-36.38 148.37 Guthega T1 1636 1840.26 18.12 62.58 
-36.37 148.37 Guthega T1 1648 1899.22 17.9 39.7 
-36.37 148.36 Guthega T1 1688 1976.37 17.61 32.55 
-36.37 148.36 Guthega T1 1728 2048.6 17.34 40.98 
-36.37 148.36 Guthega T1 1734 2046.47 17.33 12.03 
-36.37 148.36 Guthega T1 1767 2079.3 17.2 49.64 
-36.38 148.37 Guthega T2 1669 1841.22 18.08 31.88 
-36.38 148.37 Guthega T2 1694 1874.66 17.93 40.65 
-36.38 148.38 Guthega T2 1732 1932.15 17.69 35.75 
-36.38 148.38 Guthega T2 1788 2049.22 17.21 2.5 
-36.38 148.38 Guthega T2 1847 2141.49 16.69 0 
-36.37 148.37 Guthega T3 1591 1788.16 18.37 40.46 
-36.38 148.38 Guthega T3 1642 1878.29 17.87 5.22 
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-36.38 148.38 Guthega T3 1699 1941.28 17.61 0 
-36.38 148.38 Guthega T3 1744 2013.68 17.32 0 
-36.38 148.38 Guthega T3 1797 2096.15 16.94 0 
-36.38 148.38 Guthega T3 1846 2173.81 16.52 9.22 
-36.05 148.38 Jagungal T1 1548 1713.95 19.47 37.08 
-36.03 148.37 Jagungal T1 1589 1780.02 18.97 2.76 
-36.15 148.37 Jagungal T1 1648 1868.58 18.18 2.27 
-36.15 148.37 Jagungal T1 1682 1854.51 18.24 1.72 
-36.14 148.38 Jagungal T1 1749 1954.5 17.6 3.97 
-36.15 148.38 Jagungal T1 1837 2043.11 17.13 0 
-36.14 148.39 Jagungal T1 1891 2164.22 16.49 0 

 

In Thredbo, we collected grasshoppers from three transects covering a total of 20 points (T1= 10 

points, T2= 4 points, and T3= 6 points) with an elevational gradient ranging from ~1400-2,000 

m a.s.l. A total of three transects were laid in Guthega with 17 points (T1= 6 points, T2= 5 

points, and T3= 6 points) with an elevational range of ~1600-1850 m a.s.l. and in Jagungal one 

transect was covered with seven sampling sites and an elevation range of ~1550-1900 m a.s.l. 

(Fig. 1). Only one transect was covered in Jagungal due to poor accessibility in the area and 

absence of well-defined trails. 
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Figure 1: Collection sites for all three species across three mountain regions (Thredbo, Guthega 

and Jagungal) shown on a topographic map. Only presence sites are shown here (sites where at 

least one of the species was present).  

 

 Spatial coordinates (latitude, longitude) per site were recorded using a handheld GPS device 

(Garmin Etrex10). All three species were searched for within a ~30m2 plot at each 50 m interval 

sampling point for 20 mins by two people (40 minutes in total; except in 11 sites where the 

number of people varied from 3-5; see Tables S1, S2, S3 for species-specific sampling 

information). Samples were captured using small plastic jars and the time of the day, species 

name and sex were recorded from live specimens upon processing. To further confirm species 

identification, features such as eye colour, cheek pattern, pronotum shape, body shape and size 

were compared against type specimens stored in the Australian National Insect Collection, 
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CSIRO, Canberra. Hind leg femur length was measured on the left side for each specimen using 

vernier calipers (accurate to 0.02 mm), which is a commonly-used proxy for body size in 

grasshoppers (Masaki, 1967, Mousseau and Roff, 1989, Lehmann and Lehmann, 2008). All 

samples were stored in 95% ethanol for DNA preservation. 

 

Environmental data 

Environmental variables were identified based on field observations, expert opinion and 

knowledge of the species ecology and thermal tolerance (Slatyer et al., 2016, Slatyer et al., 2014, 

Umbers et al., 2013). Temperature, precipitation (including rainfall or snow cover) and 

topography are known to affect reproduction, growth, and the distribution of alpine insects 

including grasshoppers (Roland and Matter, 2016, Joern and Gaines, 1990, Buckley et al., 2013, 

Hodkinson, 2005). For example, temperature clines along elevational gradients have been found 

to affect the hopping performance, feeding behaviour and movement of ectothermic 

grasshoppers (Buckley and Nufio, 2014). Host plants may largely impact distribution and 

abundance of specialist species, however, due to the difficulty in measuring host plant with a 

limited field season foliage cover was used as a measure of vegetation. Foliage cover is an 

important factor in regulating movement, egg laying and distribution of wing/wingless morphs in 

grasshoppers via controlling the presence of preferred sites and food resource availability (Yadav 

et al., 2018, Clark, 1967). Foliage cover have also been shown to be associated with adaptive 

genetic variations in Australian grasshoppers of the genus Phaulacridium, which overlap in 

distribution with Kosciuscola (Yadav et al., 2019).  

 

Maximum summer temperature (“Temperature” now onwards) and annual rainfall 

(“Precipitation” now onwards) were obtained from ANUCLIM 6.1 (Xu and Hutchinson, 2013) 

and resampled to an original 30m resolution to achieve fine scale measurements of the variables 

in Kosciuszko national park region (Lyons et al., 2017). A 30m resolution was sufficient to test 

fine scale correlations between morphological and environment variables as it covers site-based 



           

 109 

variation and is relevant based on species ecology. Elevation data were derived from a Digital 

Elevation Model (DEM) obtained from Geoscience Australia at a 30m resolution. Foliage 

Projective Cover (FPC) refers to the percentage of land obscured by woody vegetation and trees, 

thus FPC provides a fine-scale measurement of vegetation cover. FPC was obtained from the 

Terrestrial Ecosystems Research Network AusCover database (TERNAusCover, 2011) at a 

resolution of 5 metres. To extract FPC values, a buffer of 30m was used around each sampling 

site from which cell values were averaged using the raster (Hijmans and van Etten, 2014) 

package in R (Team 2017). 

 

Temperature, precipitation and FPC association with elevation 

We conducted all analyses in R (Team 2017). We examined whether temperature, precipitation 

and FPC changed significantly with elevation within our three focal study regions by fitting a 

linear mixed effect model (LMM) with elevation as a fixed effect and region (Thredbo, Guthega 

and Jagungal) as a random intercept. The LMMs were fitted using the lmer function of the lme4 

package (Bates et al., 2015) and goodness of fit was examined by calculating conditional R2 

using the r.squaredGLMM function in MUMIn (Barton, 2018). Borderline p values were 

dropped using “Drop1” function. The statistical significance of the fixed effect in LMM was 

examined using ANOVA with a Chi-square test in the R package car (Fox and Weisberg, 2011). 

Diagnostic plots for each LMM were examined to ensure model assumptions were met. 

 

We also examined the correlation between temperature, precipitation, FPC and elevation using a 

Pearson correlation analysis. A high correlation was obtained between elevation and temperature 

(R = -0.98, Table S4) and elevation and precipitation (R = 0.91; Table S4), therefore, all further 

models were fitted just using elevation, which serves as a proxy for temperature and 

precipitation. 

 

Relative abundance along elevation 
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The relative abundance of each species at each site was calculated via capture rate per minute, 

calculated as the number of grasshoppers caught divided by the number of searchers, multiplied 

by the total number of minutes spent collecting (number of grasshoppers/ (no of searchers x time 

spent collecting; Yadav et al., 2018). The influence of elevation on relative abundance in the 

three sampled mountain regions was evaluated by fitting a LMM. Models were fitted 

individually for each species with elevation as a fixed effect and region and time of the day as 

random effects. To maintain consistency between captures most sampling was carried out in the 

morning and in the afternoon at the same time each day. Days with higher cloud cover and lower 

temperatures were avoided due to no activity of grasshoppers on such days. Time of the day was 

used as a random effect to account for possible bias in the number of samples collected due to 

variation in temperature and weather differences during the day. Model fit and significance were 

assessed using ANOVA with a Chi-square test as described above. 

 

 Body size correlation with elevation 

Body size differs markedly between the sexes in the genus Kosciuscola (Campbell and Dearn, 

1980). To test if body size of each species changed significantly with elevation and to account 

for sex-specific differences, we first fitted the model with body size (measured from femur 

length) as a response variable, elevation as a predictor, sex as an interaction term with elevation 

and region and site ID as random effect. We then examined the change in body size along 

elevation gradients across all transects for male and females separately for each of the three 

species. LMM was fitted using femur length body size as a response variable and elevation as a 

fixed effect and region and site ID as random effect. In addition to region, site ID was also used 

as a random effect to account for potential correlation between individuals from the same site. 

 

Results 

Temperature, precipitation and FPC association with elevation 
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Precipitation was significantly positively associated with elevation (P= <0.0001), indicating 

higher precipitation levels at higher elevations. Temperature (P= <0.001) and FPC (P=0.03) both 

showed significant negative association with elevation indicating a significant decrease in 

temperature and vegetation at higher elevations (Table 2, Fig. S1).  

 

Table 2: Association of temperature (Temp) and precipitation (Prec), and Foliage Projective 

Cover (FPC) with elevation. 

Model Estimate ± SE Chisq DF Pr (>Chisq) R2 

Prec ~Elevation 179.36 ± 5.27 1154.5 1 <0.0001 0.96 

Temp ~ Elevation -0.920 ± 0.02 1749.5 1 <0.0001 0.97 

FPC ~ Elevation -6.057 ± 2.849 4.519 1 0.03 0.20 

 

Relative abundance along elevation 

Correlations between the relative abundance of each species and elevation were variable. For K. 

usitatus, relative abundance significantly decreased linearly with elevation (χ2 = 6.72, DF=1, P= 

0.009, R2 = 0.26, Fig. 2A) indicating lower relative abundance of this species at higher 

elevational zones. The relative abundance of K. tristis significantly increased linearly with 

elevation (χ2 =17.61, DF=1, P = <0.0001, R2 = 0.44; Fig. 2B). No significant correlation was 

evident between the relative abundance of K. cognatus and elevation (χ2= 0.006, DF=1, P= 0.93; 

Fig. 2C). 

 

Similarly, the correlation between the relative abundance of each species and FPC was 

inconsistent. K. cognatus showed a significant negative correlation (χ2= 4.7, DF=1, P=0.03, R2 = 

0.36; Fig. 2D), indicating higher abundances at sites with low vegetation cover, however relative 

abundance was not significantly correlated with FPC for K. usitatus (P= 0.10; Table S5) or K. 

tristis (P= 0.80; Table S5). 
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Figure 2: Scatter plots of the relative abundance (Capture rate) of Kosciuscola species along the 

elevational gradient and Foliage Projective Cover. (A) K. usitatus; (B) K. tristis; (C) K. 

cognatus; (D) K. cognatus vs FPC. Colours represent different mountains; Black= Thredbo, 

Yellow= Guthega and Pink= Jagungal. 

 

Body size change with elevation and sex 

The relation between body size and elevation varied between species and sexes. The interaction 

term was insignificant (P = 0.14) for K. usitatus indicating that the change in body size with 

elevation is not influenced by sex differences, with each sex showing a decline in body size with 

elevation (male = P= 0.0001, R2 = 0.34 and female P=0.026, R2 = 0.04, Table 3, Fig. 3A,3B). 

However, the interaction effect of sex and elevation was significant for K. tristis (P=0.009, Table 
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3) showing that the observed change in body size is explained by sex, and only females 

significantly declined in body size with elevation (females: P= 0.03, R2 = 0.21; males: P= 0.99; 

Table 3, Fig. 3C). For K. cognatus the interaction effect of sex and elevation was also significant 

(P=0.045) indicating that body size change with elevation is influenced by sex, but in this case, 

male body size significantly decreased with increasing elevation (P= 0.019, R2 =0.70, Table 3, 

Fig. 3D), but this was not upheld in females (P= 0.92, Table 3). 

 

Figure 3: Change in body size with elevation in all three studied species of Kosciuscola genus. 

K. usitatus A) male and B) female. Both male (P= 0.0001, R2 = 0.34 and female (P= 0.02, 

R2=0.04) K. usitatus showed significant decrease in body size with elevation. C) Negative 

significant correlation between K. tristis female body size (P= 0.03, R2 = 0.21l) with elevation. 

D) Significant negative correlation of K cognatus male body size (P= 0.01 R2 =0.70) with 

elevation.  
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Table 3: Correlations between body size and elevation in three Kosciuscola species, shown for 

males and females individually and for the interaction between sex and elevation  

(indicated by * mark). 

 

Discussion 

We show variation in relative abundance and body size in three grasshopper species of the genus 

Kosciuscola across elevational gradients and three mountain regions of the Australian Alps. 

Elevation was strongly associated with temperature and precipitation and was found to be a 

strong driver of changes in the relative abundances of K. usitatus and K. tristis. The relative 

abundance of K. cognatus was not significantly influenced by elevation, but significantly 

decreased with increasing foliage cover suggesting an important role of vegetation in regulating 

abundance patterns. Body size decreased with increasing elevation in all three species, however, 

the change in body size was dependent on sex for K. tristis and K. cognatus. Our study highlights 

Sex Observations Region Estimate ± SE Chisq DF P 

   K. usitatus    

Male 174 3 -0.002 ± 0.00 14.295 1 0.0001 

Female  237 3 -0.001 ± 0.00 4.93 1 0.02 

Elevation*Sex 411 3 - 2.17 1 0.14 

   K. tristis    

Male 188 2 - 0 1 0.99 

Female  91 2 -0.003 ± 0.001 4.27 1 0.03 

Elevation*Sex 279 2 - 6.7162 1 0.009 

   K. cognatus    

Male 143 2 -0.012 ± 0.00 5.473 1 0.01 

Female  128 2 - 0.008 1 0.92 

Elevation*Sex 271 2 - 4.016 1 0.045 
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that local environmental variables (temperature and precipitation) and vegetation cover 

significantly influence differences in relative abundances and body size of alpine specialist 

species that differ in their physiological tolerances. A further change in environmental conditions 

as a consequence of anthropogenic climate change and habitat encroachment will thus largely 

affect specialist insect species distributions and morphological traits, which are crucial to 

determine species persistence and survival. In the Australian alpine bioregion, reduction in snow 

cover, increase in temperature, sub-alpine vegetation encroachment and depletion in food 

sources is already threatening the abundance and survival of alpine specialist species such as 

mountain pygmy-possums (Greenville et al., 2018). An altitudinal shift in the distribution of 

avian and mammalian biodiversity in the Australian alpine bioregion has been visible, as 

examined over 30 years prior to 1999 (Green and Pickering, 2002). These observations suggest 

that Australian alpine species are already responding to climate change and further change in 

environmental conditions may significantly influence their persistence. 

 
Abundance change with elevation 

Different trends in relative abundance change along elevation gradient have been observed in the 

three species (positive: K. tristis, negative: K. usitatus and insignificant: K. cognatus). In 

ectotherms including insects, thermal preferences, interspecific and intraspecific physiological 

adaptations and the presence of optimal environments along elevation gradients may lead to 

difference in species' compositions (Birkett et al., 2018, Röder et al., 2017) and distributions, 

possibly by influencing their thermoregulatory capacity (Monasterio et al., 2009). Significant 

variation in the abundance patterns of K. usitatus and K. tristis is likely due to differences in 

their thermal tolerances, and elevational preference, whereby K. usitatus has been shown to 

occupy broader elevational gradients and maintain higher cold tolerance as compared to K. tristis 

(Slatyer et al., 2016). In addition, interspecific differences in heat tolerance have been observed 

in a previous study on K. usitatus and K. tristis, whereby populations at higher alpine habitats 

(i.e. treeless) are more tolerant to heat compared to lower-elevation populations (Slatyer et al., 
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2016). Furthermore, temperature extremes and an increase in open bare habitats at higher 

elevations can impose higher selection pressures via decreased thermoregulatory capacity, and 

fitness (for e.g. reduced fecundity). The decrease in abundance at higher elevations is likely to be 

related with reduced fecundity due to reduced food quality or a shortened time to oviposit 

(Hodkinson, 2005). For instance, a previous study on K. cognatus, K. usitatus and Praxibulus sp. 

by Dearn (1977), showed a decline in egg production per female with increase in elevation. This 

decline in egg production may negatively influence relative abundance as indicated in K. 

usitatus. 

 

For ectothermic insects to cope with variable thermal regimes in alpine ecosystems it is 

beneficial to regulate body temperature via colour polymorphism in order to exploit particular 

elevation zones (Trullas et al., 2007). The increase in relative abundance of K. tristis at higher 

elevations is likely to be assisted by its rapid colour changing behaviour that occurs primarily in 

response to ambient temperature, as found by Umbers (2011), whereby males change colour 

from turquoise blue to black at lower temperatures. Kosciuscola tristis grasshoppers are black 

below an ambient temperature of 15°C and the head, pronotum and abdomen turn turquoise 

when the ambient temperature reaches 25°C (Umbers, 2011, Umbers et al., 2013). Such colour 

changing behaviour of K. tristis males might have an additional thermoregulatory advantage 

(Umbers, 2011), and may contribute towards maintaining higher densities of individuals at 

higher elevations with lower temperatures and lower vegetation cover. Several insect species 

have been shown to maintain different colour morphs along elevational gradients (examples in 

Hodkinson, 2005, Dearn, 1990, Valverde and Schielzeth, 2015). For instance, in the grasshopper, 

Pseudochorthippus parallelus, lowland populations have a dominance of green coloured 

individuals, whereas high-altitude populations have a higher dominance of brown coloured 

individuals (Köhler et al., 2017), which assist in efficient thermoregulation at higher altitudes. 

Therefore, the maintenance of different colour morphs can thus be advantageous when dealing 

with harsh climatic changes at higher elevations and may help to increase population densities. 
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Vegetation cover along the sampled transects was not a significant predictor of abundance in K. 

usitatus and K. tristis but was significant for K. cognatus. A large number of individuals were 

observed at sites with lower vegetation cover (Fig. 2D). In grasshoppers, vegetation cover is 

highly important for egg laying, early instar survival, food resources (Clark, 1967) and basking 

which in turn is very important for thermoregulation (Kearney et al., 2009, Chappell and 

Whitman, 1990). A previous study by us on a widespread grasshopper Phaulacridium vittatum 

detected associations of candidate loci putatively under selection with foliage cover, highlighting 

its potential role in shaping adaptive genetic variations.  

 

Grasshoppers regulate body temperature by shuttling between sun and shade, therefore 

vegetation cover can affect thermoregulatory behaviour (principal means of controlling body 

temperature with respect to ambient temperature) by altering the availability of basking sites. 

The degree to which ectotherms can withstand changes in their ambient thermal environment is 

crucial in regulating their abundance (Willott and Hassall, 1998). Similar effects of vegetation on 

abundance, relative abundance and population dynamics of grasshoppers have been observed by 

other studies (Kemp et al., 1990, Anderson, 1964, Yadav et al., 2018), indicating a key role of 

vegetation cover in driving insect species distribution and abundance change (Oliver et al., 2016, 

Andrew et al., 2019). The absence of a significant relationship in K. usitatus and K. tristis with 

FPC is likely due to lower variability in the foliage cover in the species preferred elevation 

zones. A further examination of the correlation in other areas might shed light on the 

interspecific differences in the relative abundance change with FPC. Notably, our study was 

carried out for one season and further sampling efforts in other seasons will help to provide more 

accuracy and a better understanding of spatial and temporal changes in species abundance. A 

further spread of sampling efforts to other areas in the Australian Alps will be useful to 

understand population dynamics of these alpine restricted species. 

 

Body size variation along the elevation gradient 
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A negative association between elevation and body size observed within and across all three 

species is converse to Bergmann’s rule, a pattern been reported in a number of ectothermic 

species (Mousseau, 1997, Blanckenhorn and Demont, 2004, Baroni et al., 2018) including a 

large number of Orthoptera (Bidau and Martí, 2007, Ciplak et al., 2008, Laiolo et al., 2013, 

Eweleit and Reinhold, 2014) and grasshoppers (Berner and Blanckenhorn, 2006, Telfer and 

Hassall, 1999, Buckley et al., 2014). Temperature and precipitation gradients associated with 

elevation are important climatic variables associated with thermoregulation and resource 

availability, which in turn exert selective constraints on body size along spatially variable 

environments in alpine grasshoppers (Laiolo et al., 2013, Whitman, 2008). At higher elevations 

with lower temperature, heat gain in insects may dominate over heat conservation and insects 

with smaller body sizes may rapidly gain and lose heat (Kubota et al., 2007). A quick heat gain 

and loss in small ectothermic species suggests that they undergo a rapid change in body 

temperature in relation to variable environmental temperature and thus are likely to be more 

thermally tolerant (Peters and Peters, 1986), which may allow them to occupy higher elevations. 

The observed decline in body size along elevation gradients in our study may be related to 

efficient thermoregulation of ectothermic grasshoppers at lower temperatures. Yet our study does 

not provide information on what extent variation in body size affects the basal metabolism of 

Kosciuscola species, and further studies on thermoregulation will help to provide further 

explanation. 

 

Constraints on resources and season length at higher elevations may lead to variation in egg 

hatching timing, and/or alter developmental periods in grasshoppers (Berner and Blanckenhorn, 

2006, Berner et al., 2004) and in other insects (Hodkinson, 2005). Season length and 

development time are both important for determining body size. Short season length may reduce 

a species growth period, and since this is positively correlated with body size (Roff, 1980), short 

seasons may lead to smaller body size (Blanckenhorn and Demont, 2004). This is particularly 

important for univoltine species (sensitive to season length) than multivoltine species because of 
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the limited time available to grow and reproduce, which in turn may impose limitations on adult 

body size and fecundity (Chown and Gaston, 1999, Kozłowski et al., 2004, Horne et al., 2018, 

Honěk, 1993). As univoltine species, the three studied Kosciuscola grasshopper species may 

experience growth limitation at higher elevations due to shorter growing season length. In 

addition, grasshoppers at higher elevations may experience later hatching compared to those at 

lower elevations (Mousseau, 1997), leading to further shortening of the season length for higher 

elevation populations. This might lead to an overall smaller body size in individuals at a higher 

elevation than those at lower elevations. An extension of growing season length as a result of 

climate change induced warming (Robeson, 2002, Linderholm, 2006) may lead to insects at 

higher elevations showing an increase in body size.  

 

Geographic trends in body size change often differ between males and females, and among 

species (Stillwell et al., 2007). Sex-specific differences in body size variation within K. tristis 

and K. cognatus indicate differential selection and fitness pressures acting on the sexes. Our 

results are consistent with observations made in a previous study using femur length of only 

female K. cognatus and K. usitatus in the same study area (Dearn, 1977). Similar to the current 

study, Dearn (1977) failed to observe any significant change in body size of female K. cognatus 

with altitude, however, identified significant negative correlation between female femur length 

and altitude for K. usitatus. Although, sex specific clines along geographical scales are common, 

the underlying causes leading to such sex-specific difference in body size clines are not clear 

(Blanckenhorn et al., 2006b). One explanation states that the environmental variables associated 

with geographical gradients may influence males and females differently and can create sex 

specific clines (e.g. Teder and Tammaru, 2005, Laiolo et al., 2013). Elevational gradients in our 

study area are strongly correlated with precipitation and temperature, and these associations are 

likely to influence one sex more than other as shown in K. tristis and K. cognatus. The absence 

of a significant correlation of female K. cognatus body size with elevation may also highlight 
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that females in this species have a more variable body size than males in relation to 

environmental pressures (as shown in nine grasshopper species: Laiolo et al., 2013).  

 

Another explanation behind interspecific body size difference is that the extent of natural 

selection on females (via increased fecundity) may lead to a difference in body size clines 

(Blanckenhorn et al., 2006a, Teder, 2014). Predominance of female biased sexual size 

dimorphism in Orthoptera (Hochkirch and Gröning, 2008) and in our study system suggests that 

fecundity selection is an important selective force in this Order, which often results in a 

proportional change in body size in females compared to males (Laiolo et al., 2013) as observed 

in K. tristis. Taken together, the evolution of male and female body size may follow a divergent 

evolutionary trajectory as a consequence of sexual selection on male or natural selection on 

female, or sex-specific plasticity due to ecological pressures such as habitat and environment 

(Fairbairn et al., 2007, Fairbairn, 2013, García Navas et al., 2017), which could lead to 

decoupling in body size evolution between sexes.  

 

Conclusion 

Our study suggests that the fine-scale elevation gradients and habitat variables can significantly 

influence relative abundance and body size of alpine insect assemblages, which implies that 

further change in climatic and vegetation conditions may lead to changes in species distributions 

and fitness related traits, such as body size. While these patterns were observed only in one 

season, the strong statistical support and transect-based study design allowed for strong 

conclusions to be drawn within the sampled time period. An understanding of species 

distributions and abundances in alpine regions is necessary to monitor future abundance changes, 

however, not much is known about invertebrate species responses to such variables and our 

study is an important contribution to fill this gap. This is particularly important as the Australian 

Alps have relatively flat and rounded mountains with shallow elevational gradients, (1600-

2228m on the mainland; Tatarnic, Umbers, & Song, 2013) and the opportunity in alpine species 
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for migration towards higher elevations is restricted in the Australian Alps (Tatarnic et al., 

2013). Furthermore, the results of our study are useful to investigate selection signatures on body 

size and local adaptation at fine spatial scales, which will further help in understanding adaptive 

capacity and future persistence of alpine restricted specialist species.  
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(A) Kosciuscola usitatus female; (B) Kosciuscola usitatus juvenile female (photos: Sonu Yadav) 
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Abstract 

Alpine ecosystems are strongly associated with steep temperature shifts with changes in 

elevation, which are being modified under anthropogenic climate change. Local adaptation 

might be expected to be more pronounced in species with narrow ecological niches, thus making 

these species more vulnerable to environmental change. Here we examine how genetic structure 

and patterns of selection vary across elevational gradients in two co-occurring grasshopper 

species (Kosciuscola genus) endemic to the Australian Alps, which differ in elevational niche 

breadth (K. usitatus = ~1400-2200m, K. tristis = ~1500-2000). With Single Nucleotide 

Polymorphisms (SNPs) derived from double digest restriction-site associated DNA (ddRAD) 

sequencing we conduct independent analyses for each species (9,017 SNPs K. usitatus, 7,363 

SNPs K. tristis) and for a dataset with common loci (3,058 SNPs) to test for species-specific and 

common signatures of selection. We examine selection associated with environmental variables 

across two mountain regions using Fst outlier tests, univariate and multivariate environmental 

association analyses (EAA). Genetic structure was weaker for the more broadly distributed K. 

usitatus (global Fst=0.026) compared to K. tristis (global Fst=0.05) across the two mountain 

regions. Detection of SNPs under putative selection revealed two fold unique outliers in the 

more narrowly distributed K. tristis (10.3%) compared to K. usitatus (5.1%). Climatic variables 

were more strongly associated with selection signatures in both species compared to terrain or 

soil variables. For the common dataset, 8.3% of SNPs under putative selection were shared by 

both species and were strongly associated with elevation, indicating parallel selection patterns 

and climatic drivers in both species. Additive polygenic scores were positively and non-linearly 

correlated with elevation in both species. The highest number of SNP annotations across all 

datasets was to a gene involved in lipid metabolism and development. Our study suggests that 

alpine insects with a wider elevational niche are likely to maintain higher gene flow and reduced 

local adaptation, and therefore be less sensitive to climate change-induced temperature shifts 

than species with a narrower elevational niche. Furthermore, closely related species sharing an 

overlapping environmental niche may show signatures of parallel local adaptation 
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Introduction 

Alpine environments are subject to rapid changes in temperature, precipitation, vegetation cover 

and other abiotic factors, making them sensitive to shifting thermal regimes under climate 

change (Gobiet et al., 2014, IPCC, 2014, Beniston, 2003). Species in alpine areas are often 

specialists with high rates of local endemism (La Sorte and Jetz, 2010, Laurance et al., 2011, 

McCain and Colwell, 2011, Steinbauer et al., 2016) and have limited opportunities to shift their 

ranges due to narrow thermal tolerances, local physiological or behavioural adaptations, and 

limited habitat suitability (Elsen and Tingley, 2015, Colwell et al., 2008, Dahlhoff et al., 2019). 

Furthermore, the topographic complexity of alpine areas can isolate populations over fine 

geographic scales and confine species to specific elevational zones, with negative consequences 

for gene flow (Polato et al., 2017, Jackson et al., 2018, Polato et al., 2018, Steinbauer et al., 

2016). Studying fine scale geographic patterns of genetic differentiation and local adaptation will 

contribute towards predicting the resilience of Alpine species to climate change. 

 

Elevation gradients in alpine regions are characterised by sudden changes in environmental 

variables (Whiteman, 2000) and the study of adaptation along altitudinal gradients has a long 

history in evolutionary biology (Endler, 1977, Mayr, 1963). The relatively strong and spatially 

varying selection pressures at higher elevations where there is high solar radiation intensity, 

lower atmospheric oxygen pressure and lower temperature (Körner, 2007), and highly variables 

microclimate niches (Scherrer and Koerner, 2010) may maintain adaptive genetic variation 

across elevational gradients and lead to local adaptation (Keller et al., 2013, Kawecki and Ebert, 

2004, Rank and Dahlhoff, 2002). Theoretical models and empirical studies have shown that local 

adaptation can occur when selection overcomes the homogenising effects of gene flow, while at 

finer scales gene flow is more likely to hinder local adaptation (reviewed in Richardson et al., 
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2014). However, there is increasing evidence for environment-driven selection at fine spatial 

scales (hereafter 'microgeographic scales') in both alpine (Guo et al., 2016, Waterhouse et al., 

2018, Eldon et al., 2019, Frachon et al., 2018) and non-alpine systems (e.g., Richardson and 

Urban, 2013, Kubota et al., 2015, Barney et al., 2017), challenging notions that environmental 

selection is generally observable over large spatial scales (several hundreds to thousands of 

kilometres). 

 

Describing local adaptation at microgeographic scales (i.e. a few metres to kilometres) could 

reveal fine scale patterns of adaptive genetic responses, which in turn can increase the reliability 

of climate change response predictions (Manel et al., 2010). Microgeographic studies of local 

adaptation can efficiently minimize some of the shortcomings of large-scale studies such as the 

confounding effects of population structure, allelic heterogeneity and rare alleles, and may be 

more interpretable with regard to a focal species' mean migration distance, which could be a few 

kilometres per decade (Frachon et al., 2018, Chen et al., 2011). Yet local adaptation studies at 

microgeographic scales have received little attention (Richardson et al., 2014). Sharp climatic 

gradients observed at very fine scales (i.e. within a few metres) within alpine regions make them 

an excellent landscape to study fine scale signatures of selection.  

 

The genetic architecture underlying environmental adaptation (i.e. gene numbers, allelic effects 

and the genomic location of genes) can influence a population’s evolutionary response to 

environmental conditions via increasing or decreasing the rate of adaptation (Gagnaire and 

Gaggiotti, 2016). For example, if multiple traits (several genes) contribute towards adaptation 

then possible pleiotropic effects and linkage disequilibrium between genes may influence the 

selection response. Thus, to better understand species' evolutionary responses to climatic 

conditions it is important to understand genomic architecture. Climatic adaptation appears to 

have a polygenic genomic architecture, with the involvement of hundreds to thousands of small-

effect alleles scattered across the genome (reviewed in Bay et al., 2017). Recently, advancements 
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have been made to examine polygenic effects without knowing allelic effects (Lasky et al., 2015, 

Babin et al., 2017). Understanding gene relationships is a complex yet important step to for 

ascertaining whether adaptive traits are polygenic (i.e. involve several genes of small effect) or 

oligogenic (i.e. involve a few genes of large effect). 

 

Environmental and intra-specific interactions may influence patterns of adaptive genomic 

variation (Hand et al., 2015), therefore a species’ adaptive capacity may be better understood by 

comparing adaptive variation across co-occurring species (Gugerli et al., 2013). Patterns of gene 

flow and local adaptation may differ in closely related species due to differences in their 

ecological niche and thermal preference. Species with a narrow elevational niche and greater 

cold tolerance may have a lower potential to adapt to rapidly increasing temperatures than 

species with lower cold tolerance and a broader elevational distribution (for e.g., Reich et al., 

2015, Deutsch et al., 2008, Birkett et al., 2018). Furthermore, closely related species may show 

similar adaptive genomic responses when sharing a common environment (Yeaman et al., 2016). 

However, most studies of local adaptation examine a single species in isolation, thus ignoring 

environmental effects that simultaneously affect co-occurring species that experience similar 

environmental challenges (Hand et al., 2015). Thus, studying co-occurring species 

simultaneously is required to characterise common or divergent patterns of local environmental 

selection pressures, or to detect climate-driven shifts in hybridisation (Gamboa and Watanabe, 

2019). Understanding how species differ or overlap in their adaptive capacity is a key focus of 

multi-species conservation planning for climate change mitigation (Schwenk and Donovan, 

2011, Nicholson and Possingham, 2006).  

 

Like many other alpine ecosystems, the Australian Alps are susceptible to climate change. The 

Australian Alps have experienced a decline in precipitation by 6%, an increase in temperature at 

an average of 0.4°C since 1979 and a substantial decline in snow depth since 1954 (Nicholls, 

2005, Hennessy et al., 2003, Sánchez-Bayo and Green, 2018, Wahren et al., 2013). Apart from 
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climate change, sub-alpine vegetation encroachment and increased impacts of invasive species 

(Hoffmann et al., 2018) are other important threats. Such impacts have been linked with 

alterations to the survival rate, distribution and population dynamics of endemic alpine species 

(Green, 2010, Nicholls, 2005). For instance, reduced snow cover may considerably influence 

survival rate of overwintering species due to the increase in temperature fluctuations, which 

would otherwise be buffered by snow cover (Bale and Hayward, 2010). Studies of 

environmental adaptation and genetic differentiation of alpine restricted species are thus needed 

to understand the adaptive potential of alpine species. 

 

To examine genetic differentiation and the extent of local adaptation in co-occurring species of 

the Australian Alps, we compare two grasshopper species from the genus Kosciuscola (K. 

usitatus and K. tristis). The two species have been observed to have overlapping elevational 

distributions, with K. usitatus occupying a wider elevation zones (~1400-2200 m) than K. tristis 

(~1500-2000 m) (Slatyer et al., 2014, Campbell and Dearn, 1980, Slatyer et al., 2016) and is 

empirically tested in Yadav et al., Chapter 4. The two species also differ in their relative 

abundances with elevation, whereby the relative abundance of K. usitatus decreases and K. tristis 

relative abundance increases with increasing elevation, indicating elevation-associated niche 

partitioning (Yadav et al., Chapter 4). Apart from these fine scale elevational differences, both 

species differ in cold tolerances (but not in CTmax), with K. usitatus having a slightly higher 

cold tolerance (CTmin= -3 °C) than K. tristis (CTmin= -2 °C). Such differences in cold tolerance 

limits and elevational distributions are predicted to influence patterns of local adaptation and 

gene flow even at fine spatial scales in co-occurring species.  

 

Here we conduct a landsape genomics analysis of two co-occurring alpine grasshoppers, K. 

usitatus and K. tristis with broader and narrower elevational niches, respectively, using a 

transect-based sampling design in two mountain regions of Mt Kosciuszko National Park in 

south-eastern Australia. We specifically examine, 1) whether the two co-occurring species show 
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contrasting patterns of neutral genetic structure and adaptive genetic variation along elevational 

gradients, 2) whether the two species show common selection signatures, indicating parallel 

local environmental adaptation, and 3) whether similar signals of polygenic local adaptation 

along elevational gradients are evident in both species. 

 

Materials and methods 

Study species and sampling 

Grasshoppers of the genus Kosciuscola are endemic to Australia and the genus is an assemblage 

of six known species. The two focal species: K. usitatus and K. tristis are commonly distributed 

in the Kosciuszko alpine region ranging from montane woodlands to alpine areas and in some 

locations have overlapping elevational distributions (Slatyer et al., 2016). Our focal species were 

chosen based on observed differences in their elevational distributions and thermal tolerance 

breadths in the study area (Slatyer et al., 2016, Yadav et al., Chapter 4), Campbell and Dearn, 

1980). Both the species are wingless and have non-overlapping generations (Green and Osborne, 

1994). Sexual dimorphism is present in both species, whereby females have a larger body size 

than males (Slatyer et al., 2016, Umbers et al., 2013).  

 

Sampling was undertaken for two weeks in late February to early March 2017. Three transects 

ranging from 1400 m a.s.l. to 2,200 m a.s.l. were laid in each of the regions Thredbo (36.5 °S, 

148.31 °S) and Guthega (36.38 °S, 148.38 °S) within Kosciuszko National Park in New South 

Wales. However, K. tristis was not present in substantial number in the two transects (T2 and 

T3) in Guthega (Table 2). Samples were searched and collected at approximately 50 m intervals 

of elevation along each transect (Fig. 1; more details on sampling is in Chapter 4), however, 

some sites in the transects lacked the presence of one or both the species. The two mountain 

regions are located ~25km apart. Samples were collected from a total of 32 points across the 

transects in both regions, out of which 29 and 20 points were represented by K. usitatus and K. 

tristis, respectively (Table 1 and Table 2).  
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Figure 1. Map of sampling sites in two mountain regions- Thredbo and Guthega for both the 

species. Black points indicate sample sites were at least one species present along transects.

 

Table 1: Sample site information of only analysed samples for K. usitatus, a total of 130 

individuals were analysed after removing poorly genotyped individuals.  

Transect Region Elevation Individuals 
T1 Thredbo 1549 9 
T1 Thredbo 1600 4 
T1 Thredbo 1650 2 
T1 Thredbo 1697 5 
T1 Thredbo 1741 5 
T1 Thredbo 1797 5 
T1 Thredbo 1849 4 
T1 Thredbo 1896 3 
T1 Thredbo 1937 7 
T2 Thredbo 1672 5 
T2 Thredbo 1802 2 
T2 Thredbo 1869 2 
T3 Thredbo 1746 5 
T3 Thredbo 1796 5 
T3 Thredbo 1845 4 
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T3 Thredbo 1890 2 
T3 Thredbo 1940 5 
T1 Guthega 1591 6 
T1 Guthega 1648 10 
T1 Guthega 1688 5 
T1 Guthega 1734 5 
T1 Guthega 1767 6 
T2 Guthega 1699 3 
T2 Guthega 1797 1 
T2 Guthega 1846 7 
T2 Guthega 1847 2 
T3 Guthega 1669 5 
T3 Guthega 1732 5 
T3 Guthega 1788 2 

 

Table 2: Sample site information of only analysed samples for K. tristis, a total of 135 

individuals were analysed after the elimination of poorly genotyped individuals. 

Transect Region Elevation Individuals 
T1 Thredbo 1596 10 
T1 Thredbo 1650 6 
T1 Thredbo 1697 9 
T1 Thredbo 1797 5 
T1 Thredbo 1849 5 
T1 Thredbo 1896 8 
T1 Thredbo 1937 5 
T2 Thredbo 1802 3 
T2 Thredbo 1869 4 
T3 Thredbo 1746 2 
T3 Thredbo 1796 4 
T3 Thredbo 1845 5 
T3 Thredbo 1890 4 
T3 Thredbo 1940 8 
T3 Thredbo 1990 9 
T1 Guthega 1648 7 
T1 Guthega 1688 12 
T1 Guthega 1728 16 
T1 Guthega 1734 5 
T1 Guthega 1767 8 

 

The vegetation type along transects ranged from wet tussock grasslands, subalpine woodlands, 

Eucalyptus woodlands, and alpine herb lands. With increasing elevation along the transects 
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examined, mean annual temperature decreases rapidly from 6 to 4.3 °C (mean=5.29 °C), annual 

precipitation increases from 1788 to 2,500 mm (mean= 2127.9 mm) and foliage cover decreases 

from ~65% to 0%. Spatial coordinates (latitude, longitude) were recorded for each site using a 

handheld GPS device (Garmin Etrex10). All three species were searched for in a small plot of 

~30m2 for 20 mins by two people (40 minutes total search time). Samples were captured using 

small plastic jars, and species name and sex were recorded from live specimens upon processing. 

To further confirm species identification, features such as eye colour, cheek pattern, pronotum 

shape, body shape and size were compared against type specimens stored in the Australian 

National Insect Collection, CSIRO, Canberra. The left hind femur length was measured for each 

live individual using vernier calipers (accurate to 0.02 mm), which is a commonly-used proxy 

for body size in grasshoppers and Orthoptera (Masaki, 1967, Mousseau and Roff, 1989, 

Davidwitz, 2008). All samples were stored in 95% ethanol for DNA preservation. 

 

DNA extraction and genotyping 

DNA for both species (141 individuals of K. usitatus and 141 individuals of K. tristis) was 

extracted from femur tissue at Diversity Arrays Technology sequencing facility (DArTseq), 

Canberra (more detail in Supplementary Information Text S1). A modified double-digest RAD 

sequencing protocol described in Kilian et al. (2012) was used with a combination of SpfI-HpaII 

restriction enzymes used for library preparation. The SpfI enzyme adaptor was modified to 

contain an Illumina adaptor sequence, primer sequence and a variable-length barcode as 

described by Elshire et al. (2011), whereas the HpaII adaptor contained an Illumina flow cell 

attachment and overhang sequence. Digested and ligated DNA fragments were sequenced on 

Illumina HiSeq2500 and 65bp DNA reads were obtained, each with a unique barcode. To call 

SNPs, DNA sequences were aligned via BLAST using the Locusta migratoria reference genome 

with an E-value: 5e-05 and minimum sequence identity of >80%. Quality checking was 

undertaken by DArTseq using proprietary software (DArTsoft14) and cross contamination was 

examined by performing a BLAST search on bacterial, fungal and human DNA. More detail on 
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SNP calling and filtering by DArTseq is in supplementary information (Text S1). A SNP dataset 

was obtained for each species separately and a third dataset was obtained for both species 

combined. The third dataset was produced by analysing sequences from both K. tristis and K. 

usitatus combined by only calling SNPs that were common in both of the focal species.  

 

Species SNP data filtering 

To remove unreliable and low-quality SNPs, data were further filtered using the filter_dart 

function of the Radiator package (Gosselin, 2017) in R (Team, 2017). The following filtering 

parameters were applied to the individual species datasets: monomorphic SNPs were excluded, 

SNPs with 100% reproducibility were retained (i.e. the proportion of technical replicate assay 

pairs for which the marker score is consistent), SNPs with a call rate ≥ 0.95 (i.e., the genotype is 

called in a minimum of 95% of the samples) and a minimum depth coverage of ≥ 10 were 

retained. Individuals genotyped at less than 95% of SNPs were removed from the datasets. To 

further exclude alleles potentially a result of sequencing error, a minor allele frequency (MAF) 

threshold of ≥ 0.02 was applied in order to both retain rare alleles and remove alleles potentially 

a result of sequencing error.  

 

For both the individual species datasets, we produced a dataset for which the effects of linkage 

disequilibrium (LD) were minimised by retaining one SNP per RAD tag (i.e. the SNP with 

highest the MAF), hereafter referred to as 'unlinked' datasets. To further assess the extent of 

linkage between ‘unlinked’ SNPs we tested for SNP pairs with a linkage correlation R2 >50% 

using PLINK v1.9 (Purcell et al., 2007). These datasets was used to detect population structure 

after removing Fst outliers (mentioned below) and loci significantly deviating from Hardy-

Weinberg Equilibrium (HWE). Loci deviating from HWE in both the locations were identified 

using pegas R package (Paradis, 2010), at a significance level of 0.05 with 1,000 simulations. 

The second full dataset, which included all SNPs per RAD tag, was used for analyses of adaptive 

genetic variation. However, to reduce possible effects of strong LD between markers in the full 
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dataset, SNP pairs with a R2 >50% were identified using PLINK v1.9 (Purcell et al., 2007) and 

one of the markers from the pair was randomly removed. 

 

Common dataset filtering 

For the combined dataset (containing SNPs common in both K. usitatus and K. tristis), slightly 

different filtering parameters were applied due to the difference in the quality of the dataset. 

SNPs with a reproducibility of 90%, a call rate ≥ 0.70, minimum depth of coverage ≥ 8 and a 

MAF of ≥ 0.02 were retained. Individuals genotyped at less than 75% of SNPs were removed 

from the dataset. As above, two datasets were derived; an “unlinked” dataset with only one SNP 

per RAD tag and a second dataset including all SNPs. The unlinked dataset was used to detect 

potential hybridisation between species after excluding SNPs under HWE (undertaken as 

explained above). The full dataset was used for detecting adaptive genetic variation after 

accounting for strong LD (R2  >50%). The final filtered datasets were converted to necessary 

formats for further analysis using PGDSpider (Lischer and Excoffier, 2011) and PLINK v 1.9 

(Purcell et al., 2007). 

 

Fst outlier SNP detection 

To create datasets that excluded SNPs that were likely under selection and therefore was 

putatively neutral, outliers were detected from the 'unlinked' datasets using BayeScan (Foll and 

Gaggiotti, 2008), which uses a Bayesian framework to detect outliers with high Fst while 

accounting for samples size, demographic processes and hierarchical genetic structure (de 

Villemereuil et al., 2014). BayeScan was run for 50,000 pilot runs, with a 500,000 burn-in and 

50,000 total iterations. We set the prior odds to 10,000 as it has been shown to lower the error 

rates (Lotterhos and Whitlock, 2015) and false discovery rate (FDR) threshold of 0.05. Log-

likelihood traces were plotted in R to confirm model convergence. 

 

Genetic structure  
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We calculated pairwise Fst between regions for each species (Reynolds et al., 1983) in Arlequin 

3.5 (Excoffier and Lischer, 2010) with a 0.05 significance level and 1,000 permutations. 

Isolation by distance (IBD) within regions was assessed using a Mantel test of individual genetic 

distance generated in GenAlEx (Peakall and Smouse, 2006) and geographic distance (in Km) 

(number of permutations=9999) in the vegan R package (Oksanen et al., 2013). Spatial 

autocorrelation analysis examining spatial distribution of genetic variation was carried out in 

GenAlEx. The spatial autocorrelation coefficient (r) was calculated using the geographic 

distance between sites within the regions and the genetic distance between individuals. The 

size of the distance classes for each spatial autocorrelation run were decided based on the 

pairwise geographic distance between the sites. The spatial autocorrelation (r) was considered 

significant if it falls beyond the upper 95% bound of the distribution. Under significant IBD, 

the values of r divert from zero for geographically closer sites and decrease with increase in 

geographic distance between samples (Peakall et al., 2003).  

 

Using the reduced ‘unlinked’ dataset (all three datasets) genetic structure was analysed between 

and among the two sampling regions using STRUCTURE 2.3.2 (Pritchard et al., 2000), which 

uses a Bayesian algorithm to assign individuals into groups based on shared ancestry. The 

analysis was performed without providing prior location information, using the admixture model 

with correlated allele frequencies. STRUCTURE runs were computed in parallel using StrAuto 

(Chhatre and Emerson, 2017). The analysis was performed with a 500,000 burn-in, 500,000 

MCMC repeats, a range of K from 1- 4 for between region structure and for within region 

structure the range of K was set to the number of transects per mountain plus two.  

We ran the analysis for ten iterations per K. The optimal K was selected using 

STRUCTURESELECTOR (Li and Liu, 2018), which calculates the optimal K using 

conventional the ΔK method (Evanno et al., 2005) and four other different parameters. 

STRUCTURESELECTOR assigns a subpopulation to a cluster if the membership coefficient 

mean MedMeaK (median of means), MaxMeaK (maximum of means) or median MedMedK 



           

 142 

(median of medians) and ‘MaxMedK’ (maximum of medians) to a particular cluster is greater 

than the threshold value of 0.5. In addition, STRUCTURESELECTOR also performs the ΔK 

method, which compares the rate of change in log likelihood between each K and selects K with 

the maximum value of ΔK (Evanno et al., 2005). 

 

For the common SNP dataset, between region genetic structure was analysed using 

STRUCTURE and the range of K was set to 1-5 (all other parameters same as above). To save 

computational time, we examined within region (Thredbo and Guthega) admixture between the 

two species using snmf function within LEA (Frichot and Francois, 2015) R package with the 

value of K ranging from 1 to 10 and 100 repetitions per K. 

 

Environmental variables 

Environmental variables deemed relevant for movement and local adaptation in the two study 

species were identified based on expert opinion and knowledge of the ecology and thermal 

tolerance of Kosciuscola (Slatyer et al., 2016, Slatyer et al., 2014, Umbers et al., 2013). 

Temperature, precipitation (including rainfall or snow cover) and topography are known to affect 

reproduction, growth, and distribution of alpine restricted insects including grasshoppers 

(Hodkinson, 2005, Roland and Matter, 2016, Joern and Gaines, 1990, Buckley et al., 2013). 

Temperature clines along elevational gradients in particular affect performance, feeding 

behaviour and movement of ectothermic grasshoppers (Buckley and Nufio, 2014) and can act as 

an important selection agent in ectotherms (For eg. Dudaniec et al., 2018). Terrain roughness and 

habitat properties such as foliage cover have an important contribution to thermoregulation, 

movement and oviposition site selection in grasshoppers (Yadav et al., 2018, Kearney et al., 

2009, Clark, 1967) and have been shown to exert selection pressures in grasshoppers (Yadav et 

al., 2019). Furthermore, soil properties such as pH and soil bulk density can significantly 

influence grasshopper egg laying, survival and population dynamics via controlling distribution 

of food resources and nematode parasites (Miao et al., 2018, Macfadyen et al., 2018). 
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We extracted data for climatic variables such as annual rainfall, precipitation seasonality 

(“Precseas” hereafter), mean temperature in the warmest quarter, mean temperature in the 

coldest quarter, number of frost days (< -2°C); soil variables: soil pH (“pH” now onwards), soil 

bulk density (g/cm3; “BD” now onwards), and terrain variables: roughness and Foliage 

Projective Cover (FPC %) for each sampling site. All data except FPC and elevation were 

extracted from satellite remote sensing and resampled in ANUCLIM 6.1 (Xu and Hutchinson, 

2013, Lyons et al., 2017). Climate variables and terrain variables were extracted at a 30m 

resolution whereas soil variables were extracted at a 90 m resolution. Data for elevation at 30m 

were derived from a Digital Elevation Model (DEM) obtained from Geoscience Australia. Data 

for Foliage Projective Cover (FPC) were obtained from the Terrestrial Ecosystems Research 

Network AusCover database (TERN AusCover 2011) at a resolution of 5x5m. FPC is the 

percentage of land obscured by woody vegetation and trees and was extracted from a buffer of 

30m around each sampling site from which cell values were averaged using the raster R package 

(Hijmans and van Etten, 2014). As high collinearity between variables may lead to erroneous 

results and restrict the ability to distinguish effects of individual variables (Rellstab et al., 2015), 

we assessed the extent of collinearity between all extracted variables. We performed a pairwise 

Pearson’s correlation analyses of the site-based environmental data in R and removed highly 

correlated variables (r| > 0.80).  

SNP associations: univariate analysis 

In order to identify loci under putative selection, we conducted independent analyses of the three 

data sets (i.e. the datasets for each of the two species and the common dataset). We used the 

latent factor mixed modelling approach of LFMM (Frichot et al., 2013) within the LEA package 

in R (Frichot and Francois, 2015) to identify an association between allele frequency and 

environmental variables. In addition to environmental variables, body size (i.e. femur length 

used as proxy) was examined for significant SNP x morphology associations in LFMM. Body 

size is highly correlated with sex in both species, therefore sex was also included as a variable 
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(binary coded: Male=0, Female=1) in LFMM to identify loci that were uniquely correlated with 

body size (i.e. did not overlap with sex outliers). LFMM performs well for polygenic adaptation 

as it can identify many loci of small effect compared to Fst outlier tests (de Villemereuil et al., 

2014). By introducing population structure as a latent factor LFMM can also efficiently account 

for genetic structure (Frichot et al., 2013). LFMM analysis was performed using 100,000 

iterations, 10,000 burnin, with five repetitions for each variable. The number of K for LFMM for 

both species and for the common dataset was based on the outcome of their respective genetic 

structure analyses (described above). Adjusted p-values were calculated as mentioned in Frichot 

and Francois (2015) after combining median z-scores for each variable across five runs. 

Candidate loci with <1% FDR were obtained by applying the Benjamini-Hochberg procedure. 

The genomic inflation factor (GIF) was calculated using the formula λ=median (z2)/0·456 

(Devlin and Roeder, 1999) and was examined for its proximity to 1 to assess the inflation in test 

statistics. In case of detection of more than one outlier from the same RAD tag, only one outlier 

was retained randomly to minimize the effect of linkage disequilibrium.  

 

SNP associations: multivariate analysis 

We assessed the variance inflation factor (VIF) between the variables prior to fitting constrained 

ordination analysis using vif.cca function in the VEGAN R package (Oksanen et al., 2013). In 

genetically structured populations, neutral processes may confound signatures of selection and 

may lead to false interpretation of selection signatures (Excoffier et al., 2009). Thus, accounting 

for the neutral genetic structure is recommended while performing selection detection tests 

(Forester et al., 2018). We performed two constrained ordination analyses (i.e. redundancy 

analyses, RDA), 1) where population structure was not accounted for (standard RDA), and 2) 

where population structure was accounted for (using partial redundancy analysis, pRDA). The 

RDA approach has been shown to better detect weak multilocus signatures of selection (Forester 

et al., 2018) and performs PCA on response (genotype matrix) and predictor variables 

(environmental variables) simultaneously (Legendre & Legendre, 2012). The RDA was 
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performed on Hellinger-transformed SNP datasets and predictor variables using the rda function 

in the VEGAN R package (Oksanen et al., 2013). Statistical significance of global RDA and the 

number of significant axes to be used for candidate outlier detection was examined via an 

Analysis of Variance (ANOVA) with 999 permutations. Furthermore, the proportion of the 

genetic variance in the dataset explained by the predictors was examined from the adjusted R2. 

RDA does not allow missing data in SNP genotypes therefore, missing data were imputed using 

LinkImpute (Money et al., 2015), which is based on a k - nearest neighbour genotype imputation 

method. This method was used because it is specifically designed to impute non-model species' 

genomes with unordered markers (Money et al., 2015). We excluded sex from the multivariate 

analysis as sex is highly correlated (R2 = >0.85) with body size in both species, however due to 

this high correlation the confidence in detecting body size outliers was reduced. RDA candidate 

outliers for single species datasets and the common dataset were detected from SNP loadings 

(i.e. the loading of each SNP in ordination space) using a cut-off of ±3 SD from the mean 

loading following Forester et al. (2018).  

 

For pRDA we used the spatial eigenfunction approach to account for population genetic 

structure following Xuereb et al. (2018) and Forester et al. (2018). To obtain spatial variables we 

calculated distance based Moran's eigenvector maps (dbMEMs) from the Euclidean distances 

between spatial coordinates of the sampling locations using adespatial V 0.1-0 (Dray et al., 

2017) R package. We then carried out a PCA on Hellinger-transformed SNP datasets and 

retained PC axes based on screeplots. Another RDA analysis was performed using selected PC 

axes as response variables and all dbMEMs as predictors. To keep only dbMEMs, which 

significantly explain variance in the SNP dataset, we performed forward selection on all 

dbMEMs as recommended for spatial analysis (Blanchet et al., 2008). The selected dbMEMs 

were then included in the pRDA analysis as conditioning variables, with SNP datasets as 

response and environmental variables as predictors. Candidate SNPs corrected for population 

structure were then detected following the same approach as described above.  
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Fst Outlier detection 

We performed a second BayeScan run corrected for population structure with the same 

parameters described earlier in both of the individual datasets for each species, however this run 

was performed to detect and retain loci under selection. The number of populations was based on 

the optimal K identified by STRUCTURE. 

 

Additive polygenic scores 

We examined for a cumulative effect of the candidate loci under selection by calculating additive 

polygenic scores following Babin et al. (2017) and Xuereb et al. (2018). The additive polygenic 

score approach is useful in order to understand the change in frequencies of alleles inferred to be 

favoured in a particular environment, when selective effects of an individual allele is not known 

(Hancock et al., 2011, Babin et al., 2017). Prior to calculating polygenic scores, we ensured 

SNPs were not tightly linked by examining the extent of correlation between SNP pairs. We first 

identified alleles associated with increasing values of elevation across all candidate loci based on 

the nature of the correlation (negative or positive) between allele frequencies and elevation. Then 

individual based scores were calculated by summing up the copies of favoured alleles across all 

candidate loci. Lastly, we tested the relationship between individual additive polygenic scores 

and elevation by fitting a linear model and a quadratic model. We determined the best fit model 

based on the lowest Akaike Information Criterion (AIC) score. We analysed polygenic scores 

with candidate loci corrected for population structure (LFMM, pRDA and BayeScan for 

individual species datasets and LFMM and pRDA for the common dataset) 

 

Gene annotation: BLAST search 

Annotation of all unique (i.e. non-overlapping) RAD tags (65 bp) that contained SNPs under 

putative selection (identified via BayeScan and EAA) was undertaken using the NCBI BLAST 

platform (Johnson et al., 2008). Due to the unavailability of a reference genome for Kosciuscola, 
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sequences were annotated to genes classified as ‘insects’ (Taxid:6960), with an E-value 

threshold of 0.00001 and BLASTN mode.  

Results 

SNP Filtering and sequencing 

For K. usitatus a dataset of 125,513 SNPs (polymorphic and monomorphic) was obtained from 

DArTseq. After filtering out low confidence, tightly linked SNPs and poorly genotyped 

individuals (<75%), a total of 130 individuals of K. usitatus were analysed at 9,017 SNPs out of 

which 4,437 SNPs were unique per DNA fragment and represent an ‘unlinked dataset’. In the 

4,437 ‘unlinked’ SNPs, further removal of SNPs significantly deviating from HWE (n=1,114), 

and Fst outliers identified by BayeScan (n=2) resulted in a total of 3,321 SNPs for neutral 

genetic analysis. A negligible number of SNPs in the unlinked dataset (8 SNPs out of 3,321) 

showed linkage correlation R2 >50% suggesting no physical linkage. 

 

For Kosciuscola tristis an initial dataset of 38,984 SNPs (polymorphic and monomorphic) was 

obtained. After excluding SNPs based on the filtering parameters described in the methods, LD 

cut-offs, and poorly genotyped individuals, a total of 135 individuals were analysed at 7,363 

SNPs, with 4,410 ‘unlinked’ SNPs (i.e. one SNP per RAD tag). In the reduced 4,410 dataset we 

further removed SNPs significantly deviating from HWE (n= 842) and Fst outliers identified by 

BayeScan (n=2) and retained 3,566 SNPs for neutral genetic analysis. There were no SNPs with 

>50% linkage correlation within the ‘unlinked’ dataset for K. tristis indicating absence of 

physical linkage.  

 

The common dataset (common SNPs identified across the two species) yielded an initial 58,063 

SNPs (polymorphic and monomorphic) and after applying filtering parameters, LD thresholds (n 

=2,155 with R2  >50%), and excluding poorly genotyped individuals (n=10) we analysed 266 
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individuals at 3,058 SNPs, with 2,143 “unlinked” SNPs (after removing SNPs deviating from 

HWE). Furthermore, none of the “unlinked” SNPs had a linkage correlation >50% suggesting no 

likelihood of physical linkage. 

 

Environmental variables 

Significant correlations were observed between environmental variables and elevation (Fig. S1). 

Based on a correlation cut-off of R2  >0.80 we excluded the following environmental variables: 

annual rainfall, mean temperature in warmest period, and mean temperature in coldest period. 

After discarding highly correlated variables, elevation and six variables were retained for 

subsequent analysis: 1) Precseas, 2) number of frost days, 3) FPC, 4) terrain roughness, 5) soil 

pH, and 6) BD. We divided these final variables into three categories for ease of interpretation: 

1) climate variables, which included elevation (a direct proxy of temperature R2 = -0.98), 

Precseas and number of frost days; 2) Surface terrain, which included FPC and Roughness, and 

3) soil, which included soil pH and BD.  

 

Genetic structure 

Putatively neutral and ‘unlinked’ datasets were used for genetic structure analysis of each 

species (K. usitatus= 3,321 SNPs and K. tristis= 3,566 SNPs) and the common dataset (SNPs = 

2,143). Pairwise Fst between Thredbo and Guthega was significantly lower in K. usitatus (Fst = 

0.026) than K. tristis (Fst = 0.050). A within region Mantel test between individuals’ genetic 

distance and geographic distance indicated no significant IBD for both the species (Fig. S2). 

However, spatial autocorrelation was detected with a significant non-linear pattern in Thredbo 

and Guthega for K. usitatus (Fig. 2A, B) and in Thredbo for K. tristis (Fig. 2C). In both Thredbo 

and Guthega for K. usitatus, individuals were significantly spatially autocorrelated for the first 

distance class (0-1 Km), with the pattern declining to zero at ~1.5-3 km. In K. tristis, significant 

spatial autocorrelation was observed between individuals for the first distance class (0-1 km), 
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however the relation was insignificant after the first class. No significant spatial correlation was 

observed in Guthega for K. tristis.  

(A) 

 

 

(B) 

  

(C) 

 

Figure 2: Correlograms showing the influence of distance (Km) on spatial autocorrelation (r). 

Dotted lines represent upper and lower bounds of 95% CI. (A) K. usitatus in Thredbo and B) K. 

usitatus in Guthega; (C) K. tristis in Thredbo.  
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Based on the agreement between the ΔK method and four estimators of 

STRUCTURESELECTOR (Li and Liu, 2018), the most likely number of clusters between 

regions was two (K=2) for both of the species (Fig. S3A and S3B). However, genetic structuring 

was stronger in K. tristis than K. usitatus suggesting a higher degree of genetic admixture in K. 

usitatus across the two mountains as compared to K. tristis (Fig. 3A, Fig. 4A). Furthermore, 

within region analysis of genetic structure in Thredbo and Guthega for K. usitatus indicated the 

most likely number of clusters to be two (K=2) per region. However, the extent of admixture 

was greater in Guthega than Thredbo and K=1 is more likely to be an optimal value in Thredbo 

(Fig. 3B). In K. tristis, within region analysis indicated two clusters in Thredbo but only one 

cluster in Guthega (Fig. 4B). The presence of only one cluster in Guthega for K. tristis is likely 

to be affected by the absence of individuals in the other two transects (T2 and T3) and further 

collection efforts may help to better understand the genetic structure of this in this region. 

 (A) 

 
(B) 

 
Figure 3: Bar plot of assignments of K. usitatus individuals to each cluster, the proportion of 

colour represents the proportion of individual assignment to each of the two genetic clusters. (A) 

Genetic structure between the two regions: Thredbo and Guthega, with two clusters; (B) within-

region genetic structure analysis with transects indicated (T1= Transect 1, T2= Transect 2 and 

T3= Transect 3). 

 

Thredbo Guthega

Thredbo Guthega
T1 T2 T3 T1 T2 T3
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(A) 

 
(B) 

Figure 4: Bar plot of assignments of K. tristis individuals to each cluster, the proportion of 

colour represents the proportion of individual assignment to each of the two genetic clusters. (A) 

Genetic structure between the two regions: Thredbo and Guthega, with two clusters; (B) genetic 

structure within regions with transects indicated within Thredbo (T1= Transect 1, T2= Transect 

2 and T3= Transect 3).  

 

With the common dataset, two distinct clusters were indicated by STRUCTURE analysis (Fig. 

S3C). The presence of two clusters with no admixture (Fig. 5) indicated an absence of 

hybridisation between the two species. A within region admixture analysis using the common 

dataset also indicated no recent hybridisation between the two species (Fig. S4A and S4B).  

 

Figure 5: Bar plot showing no evidence of admixture between K. tristis and K. usitatus 

individuals across regions (Thredbo and Guthega). 

Thredbo Guthega

Thredbo
T1 T2 T3T1 T2 T3
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Fst outlier test and Environment association analysis: univariate analysis 

BayeScan detected five and two outlier SNPs for K. usitatus (Fig. S5A) and K. tristis (Fig.S5B) 

respectively under putative divergent selection in the full dataset (Table S1). LFMM analysis 

identified a total of 212 outlier SNPs (unique= 182 SNPs; 2%) for K. usitatus compared to 940 

outliers (unique= 634; 8.6%) for K. tristis. For K. usitatus, the maximum number of SNP 

associations was found for elevation (n= 62 SNPs out of 9,017) followed by BD (n= 56 SNPs), 

pH (n= 35) and Precseas (n=22), whereas with K. tristis the maximum number of associations 

were found for Precseas (n= 179) followed by frost days (n=156), BD (n= 128) and FPC (n=93). 

In regards to the broader environmental variable classifications we implemented, climatic 

variables including elevation, Precseas and number of frost days together were correlated with 

the highest number of outliers in both the species (K. usitatus n=102; 1.1%, K. tristis n=422; 

5.7%) followed by soil variables (pH, BD; n= 91; 1%) in K. usitatus and terrain variables (FPC, 

Roughness; n= 215; 2.92%) in K. tristis. For femur length (body size), only two candidates were 

detected in K. usitatus, out of which one did not overlap with sex, whereas 80 candidate loci 

were detected in K. tristis, out of which 45 associations did not overlap with sex.  

When analysing the common dataset, a total of 331 common SNPs under putative selection were 

detected in both species across all tests (unique = 205; 6.7%). The maximum number of 

associations were detected in relation to sex (male and female, n=101) and body size (n= 84, 

non-overlap with sex = 9) followed by Precseas (n=39) and elevation (n=33). A large number of 

overlapping outliers detected for sex and body size indicates a limited ability to distinguish 

selection signatures between the two variables. Apart from body size outliers, the highest 

number of outliers was associated with climate variables (n=78; 2.5%), followed by soil (n=36; 

1.1%) and terrain (n=32; 1%) characteristics. The closeness of lambda values (GIF) to 1 and P-

distribution plots of each variable in all three tests indicated our model well accounted for 

genetic structure and defined FDR rates for all the datasets (Table 3). 
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Environmental association analysis: multivariate constrained analysis 

The VIF between predictor variables was <10 indicating no effect of collinearity between 

variables on the constrained analysis (Table S2). The global RDA analysis on all three full 

datasets (n= 9,017 for K. usitatus, n= 7,363 SNPs for K. tristis, and n= 3,058 SNPs for Common 

dataset) was significant (K. usitatus P =0.001; K. tristis P= 0.001 and Common dataset P = 

0.001, Table S3, S4, S5) indicating a significant proportion of genetic variance in the SNPs is 

explained by the predictor variables. RDA explained 2.1% of the variance in the genomic data 

(adjusted R2 = 0.021) in K. usitatus, compared to 3.71% of the variance (adjusted R2 = 0.037) in 

K. tristis. Three axes were significant in both of the species and were used for candidate outlier 

detection. In K. usitatus, the first RDA axis explained 29.57% of the variance, the second axis 

explained 11.6% of the variance and the third axis explained 10.7% of the variance within SNPs 

(Fig. 6A). In K. tristis, the first axis explained 43.1% of the variance within SNPs, the second 

RDA axis explained 8.76% of the variance and the third axis explained 8.61% of the variance 

(Fig. 6). With the Common dataset RDA explained 5.2% of the variance (adjusted R2 = 0.052), 

with the first axis showing significance (Table S5). However, we considered the first two RDA 

axes for outlier detection, which explained 64% of the variance and 15.7% of the variance, 

respectively (Fig. 6).  

 

A total of 337 and 193 unique RDA outliers were detected for K. usitatus and K. tristis 

respectively. For K. usitatus, 139 candidate loci were detected on axis 1, 117 on axis 2 and 81 on 

axis 3, whereas for K. tristis, 82 candidate loci were detected on axis 1, 49 on axis 2 and 62 on 

axis 3. The maximum number of RDA outliers were associated with Precseas in both the species 

(K. usitatus = 157, 46.6%; K. tristis= 97, 50.2%), followed by elevation in K. usitatus (n=69, 

20.4%) and roughness (n=31, 16.0%) in K. tristis. Overall the highest number of associations 

were found with climatic variables in both species (K. usitatus= 263, K. tristis= 141), followed 

by soil variables in K. usitatus (n=35) and terrain (n=38) in K. tristis.  
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Lastly, using the common dataset, 97 unique RDA outliers were detected with 36 candidate loci 

detected on axis 1 and 61 detected on axis 2. The maximum number of outliers was associated 

with elevation in the common dataset (n= 44, 45.3%) followed by Precseas (n=29, 29.8%). In 

terms of the broader classification, highest number of SNP associations were with climatic 

(n=74) and terrain (n=22) variables 
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Figure 6. RDA and pRDA analysis of K. usitatus (A, B), K. tristis, (C, D) and in the common 

dataset (E, F) showing axes 1 and 2. Coloured dots indicate individuals, grey clusters indicate 

SNPs, arrows indicate environmental variables. Precipseas = Precipitation seasonality, FPC = 

Foliage Projective Cover, Rough = terrain roughness, FZ = number of frost days, BD = soil bulk 

density, pH = soil pH.  

A total of six significant dbMEMs were identified for K. usitatus, 37 for K. tristis and 116 for 

whole dataset using forward selection, which were used as conditioning variables in pRDA. The 

overall pRDA was significant for K. usitatus and K. tristis (K. usitatus P= 0.001, adjusted R2 = 

0.005; K. tristis P = 0.04, adjusted R2 = 0.004) but was insignificant for the common dataset (P= 

0.12, adjusted R2 = 0.001), likely because of the large number of neutral SNPs in the dataset. 

Using a ±3 SD cut-off from the mean loading and three axes to retain the consistency with RDA, 

we identified 292 candidate loci for K. usitatus, and 161 for K. tristis (Table 3). 

Like RDA, the highest number of associations was detected for Precseas in both species (K. 

usitatus =66, 22.6%; K. tristis = 35, 21.7%) followed by body size (n=48, 16.4%) in K. usitatus 

and elevation (n=34, 21.1%) in K. tristis. Similar to RDA, with overall broader classification, the 

highest number of associations was detected with climatic variables using pRDA in both species 

(K. usitatus =136; K. tristis =103), followed by soil parameters in K. usitatus (n=68) and terrain 

(n=27) in K. tristis. 
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A total of 55 SNPs were detected on two axes for the common dataset using pRDA, with the 

maximum number of associations found for elevation (n=28, 50.9%) followed by roughness 

(n=10, 18.1%). Similar to RDA the highest number of associations was detected with climatic 

variables (n=35) followed by terrain (n=16) when analysing the common dataset. 

All three methods (LFMM, pRDA and Bayescan) detected a higher number of unique outliers in 

K. tristis (n=763, 10.3%) compared to K. usitatus (n=462, 5.1%) (Fig. 7). A greater number of 

candidate outliers was detected in relation to climatic variables in both species (K. usitatus n= 

238, K. tristis n=525) followed by soil variables in K. usitatus (n=159) and terrain variables in K. 

tristis (n=242). A small number of outliers overlapped between outlier detection methods in all 

of the datasets (K usitatus=17, K tristis= 34, common dataset=7), likely due to differences in the 

detection approach used by each analysis (Ahrens et al., 2018).   

 

Table 3: Details of outliers detected using LFMM and partial redundancy (pRDA) approach for 

each species. GIF= Genomic Inflation Factor. 

 K. usitatus 

Variable LFMM 
GIF LFMM Outliers pRDA Classification 

Elevation 0.8 62 43 Climate 
Precipitation 
seasonality 0.98 22 66 Climate 

Number of frost days 0.76 18 27 Climate 
Foliage projective 

cover 0.73 13 27 Terrain 

Roughness 0.83 2 13 Terrain 
Bulk density 0.61 56 34 Soil 

pH 0.69 35 34 Soil 
Femur length 0.84 2 48 Morph 

Sex 0.8 2 - Morph 
 Total 212 292  
 Unique 182 -  

 K. tristis 
Elevation 0.76 87 34 Climate 

Precipitation 
seasonality 1 179 35 Climate 

Number of frost 
days 0.58 156 34 Climate 
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Foliage projective 
cover 0.61 93 7 Terrain 

Roughness 1 122 20 Terrain 
Bulk density 0.6 128 8 Soil 

pH 0.94 30 10 Soil 
Femur length 0.63 80 13 Morph 

Sex 0.66 65 - Morph 
 Total 940 161  
 Unique 634 -  

 

Comparing RDA and pRDA, the number of outliers was lower in all three datasets after 

accounting for population structure. However, the same climatic predictor variables were 

detected as significant in both of the tests (before and after accounting for population structure). 

A total of 114 candidate SNPs (39%) and 47 SNPs (29%) overlapped between RDA and pRDA 

in K. usitatus and K. tristis respectively. A total of 56% SNPs associated with elevation were 

detected using both methods in K. usitatus, compared to 17.6% in K. tristis. Furthermore, 53% of 

Precseas candidates were identified by both methods in K. usitatus compared to 48.6% in K. 

tristis. Using the common dataset, only four SNPs (7%) overlapped between RDA and pRDA, 

yet elevation was detected as an important predictor by both methods. 

 

Additive polygenic scores 

To ensure the detected outliers were not in strong LD, we first assessed the extent of correlation 

between unique outliers. Pairwise LD between detected outlier loci was very low in both species, 

whereby 99% of candidate loci in K. usitatus had a pairwise correlation ≤ 20%, and this was 

similarly negligible for K. tristis with all outlier loci having a pairwise correlation ≤ 20%. The 

extent of correlation was lower in the common dataset, whereby 72.3% of outlier SNPs had a 

pairwise correlation ≤ 20%. In K. usitatus, additive polygenic scores derived from 436 candidate 

loci detected by three methods (LFMM, pRDA and BS) significantly increased with elevation (N 

= 130 individuals; Linear model: F (1,128) =111.5, P: < 2.2e-16, adjusted R2 = 0.46, 
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AIC=1249.33). The quadratic model was also significant (F (2,127) = 65.82, P: < 2.2e-16, adjusted 

R2 = 0.50, AIC= 1240.30) and had a lower AIC score than a linear model and explained a higher 

proportion of variation in allele frequencies (Fig. 7A). Similarly, for K. tristis, additive polygenic 

scores derived from 701 candidate loci significantly increased with elevation (N = 135 

individuals; Linear model: F (1,133) =109.5, P: < 2.2e-16, adjusted R2 = 0.45, AIC=1429.38) and 

the quadratic model was significant (F (2,132) = 72.17, P: < 2.2e-16, adjusted R2 = 0.51, AIC= 

1412.75) with a much lower AIC value and explained a higher proportion of the variance than a 

linear model (Fig. 7B). In the common dataset, additive polygenic scores derived from 234 

candidate loci increased significantly with elevation (N = 266 individuals; Linear model: F 

(1,264)= 11.88, P: 0.0006, adjusted R2 = 0.04, AIC=2416.41) and the quadratic model was 

significant (F (2,263)= 8.53, P: 0.0002, adjusted R2 = 0.053, AIC=2413.39) with a slightly lower 

AIC than the linear model and explained a higher proportion of the variation (Fig. S6). 

(A)        (B)  

 

Figure 7: Correlation between individual additive polygenic scores and elevation. (A) K. 

usitatus P=<0.0001 and (B) K. tristis P=<0.0001. The solid line represents the regression line 

from the quadratic model. Each dots represents an individual grasshopper.  
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Gene annotation of DNA fragments that contained SNPs identified via BayeScan and EAA 

resulted in 64 successful annotations for K. usitatus, 46 annotations for K. tristis and 34 for the 

common dataset (Table S6, S7, S8). All annotated SNPs were only identified by EAA (LFMM 

and pRDA). The most commonly annotated gene across all datasets was for phospholipase 

(PLA2G) mRNA (K. usitatus= 29 annotations, K. tristis =18, common dataset = 16). This 

enzyme is involved in lipid metabolic pathways including hydrolyses of phospholipids (GO 

0002629). Another noteworthy match was obtained for the vitellin B gene (K. usitatus =1 SNP, 

K. tristis= 1 SNP and common data SNP=1). Vitellin proteins stored in yolk granules of insect 

eggs and are used as a food reserve for the developing embryo, and its synthesis in several 

insects is under hormonal control (Harnish and White, 1982). SNPs annotating to this protein 

were associated with climatic variables in both species: precipitation seasonality in K. usitatus, 

and FPC and frost days in K. tristis. Other annotations involved membrane receptors mediating 

cell signaling, olfaction and photoreception, endonucleases, and DNA repair proteins, with a 

complete list presented in Figure 8. 

(A) 

 

(B) 
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(C) 

 

 

Figure 8: BLAST annotations of unique outlier SNPs with insect genome (Taxid:6960) using 

BLASTN mode in NCBI BLAST. (A) K. usitatus, (B) K. tristis and (C) common dataset. 

 

Discussion 

We find evidence that species with narrow elevational distributions and lower thermal tolerances 

show stronger genetic differentiation and local adaptation signals compared to species with 

broader elevational distributions and thermal tolerances (Kisdi, 2002, Atkins and Travis 2010). 

A large proportion of loci detected under selection in K. tristis compared to K. usitatus indicated 

stronger signatures of local adaptation in this species. Climatic variables including elevation (a 

proxy for temperature), precipitation seasonality, and the number of frost days strongly 

influenced adaptive genetic differentiation in both species compared to soil and terrain variables. 

A large number of common SNPs (i.e. present in both species) were detected putatively under 

selection with similar allele frequency changes indicating parallel evolutionary responses to 

environmental conditions in these co-occurring species, however it’s not entirely possible to 

disentangle selection signals from shared alleles due to common ancestry. Furthermore, additive 

polygenic scores positively and non-linearly correlated with elevation in both species. A large 

difference in polygenic scores between low and high elevation indicates different genotypes (i.e. 

suitable in local conditions) are maintained at different elevational gradients. The higher 

polygenic scores at higher elevations in both species indicates there are stronger and steeper 

selection pressures at higher elevations, consistent with lower temperatures and higher 

Number of SNPs 

Common data 
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precipitation levels. SNP annotations in the individual species datasets and in the common 

dataset indicate the involvement of genes associated with lipid metabolism and development that 

may be relevant for adaptation along elevational gradients and colder environments. Our 

analyses find common and disparate signatures of selection that indicate both parallel and 

independent evolution among closely related species across elevational gradients. By comparing 

two co-occurring species we provide insights into how species with a slight difference in thermal 

tolerance and niche preferences may differ in fine scale genetic structure and the capacity to 

adapt to diverse local environments.  

 

Broad and fine scale genetic structure 
 
For montane species, steep environmental clines along elevational gradients often have patches 

of suitable habitat that are surrounded by unsuitable habitat and may play an important role in 

shaping genetic structure (Polato et al., 2017, Jackson et al., 2018). Our results found two genetic 

clusters across the two study regions (Thredbo and Guthega) separated by a short geographic 

distance (~25km) in both K. usitatus and K. tristis. Both of the study species are flightless (lack 

functional wings), are semelparous and have a short growing and mating season, and therefore, a 

limited dispersal capacity combined with a patchy habitat is likely to be important in driving 

genetic structure. Despite two genetic clusters in both species, we found stronger genetic 

differentiation in K. tristis with a global Fst of 0.05 between the regions as compared to 0.026 in 

K. usitatus suggesting more restricted gene flow in this species. These findings support the 

observations of a previous study on K. tristis by Slatyer et al. (2014), who found similar patterns 

of genetic structuring between Thredbo and Guthega with significant isolation by distance. 

 
Habitat fragmentation, and topography can act as dispersal barriers even at micro geographic 

scales in alpine ecosystems. A fine scale examination of genetic differentiation within regions 

indicated the presence of two genetic clusters in Guthega for K. usitatus, whereby individuals at 

transect one (T1) are largely assigned to one cluster, a large proportion of individuals in transect 
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two (T2) are assigned to the second cluster and similarly individuals of transect three are largely 

assigned to the second cluster. Interestingly, T1 in Guthega is separated from T2 and T3 by a 

large water dam and a functional road (Fig. 1). The presence of large waterbodies and roads may 

act as significant barriers for dispersal of individuals in this species and may lead to significant 

genetic structuring as observed in our study. Our previous study on another grasshopper species 

have shown that water bodies provide strong resistance to genetic connectivity (Yadav et al., 

2019). Similarly, in K. tristis two genetic clusters were supported in Thredbo, with a greater 

differentiation between T3, and T1 and T2. The transects T1 and T2 are geographically more 

proximal compared to T3. The limited dispersal ability can significantly impede movement and 

gene flow in K. tristis across microgeographic scales. Our results imply that the topographical 

challenges and anthropogenic habitat fragmentation (dams and roads) can act as barriers to gene 

flow and lead to genetic differentiation even at very short geographic distances. The 

unprecedented rate of climate change is leading to decline in snow cover, increased temperature 

and habitat fragmentation in the Australian alps is therefore likely to negatively affect these 

species by limiting the dispersal of individuals between populations and restricting gene flow.  

 

Several studies on alpine insects have noted patterns of fine scale genetic structuring (i.e. within 

a few kilometres) due to isolation by distance (Finn et al., 2006, Garnier et al., 2004, Polato et 

al., 2017). Although linear isolation by distance within Thredbo and Guthega (micro geographic 

scale) is insignificant in both the species, spatial autocorrelation was detected, indicating 

restricted dispersal at short distances. In K. usitatus the pattern of spatial autocorrelation differed 

between Thredbo and Guthega, whereby in Thredbo individuals showed a stronger relationship 

up to a distance class of 0-1 km. In Guthega the pattern was consistent with results observed in 

the genetic structure analysis, whereby individuals showed a higher correlation for the first 

distance class (0-1 km), which is a likely an indication of the approximate distance of a transect 

and suggests that individuals within transects are not dispersing longer distances. The distance 

where significant correlation is absent, and r declines to zero may indicate the point where 
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genetic structure can be detected (Peakall et al., 2003). The insignificant correlation at ~1.5 km 

in Guthega for K. usitatus is probably an approximate point where population structure was 

detectable between the transects using STRUCTURE analysis between the transects. 

Furthermore, K. usitatus individuals were shown to be less spatially correlated than expected by 

random at the 2-3 km distance class, indicating high admixture between individuals in transects 

T2 and T3. For K. tristis in Thredbo, the greater spatial autocorrelation at the first distance class 

(0-1 km) indicates a 'micro-geographical' isolation by distance with insignificant correlation 

beyond the first distance. Taken together, the detection of micro-geographic signals of non-linear 

isolation by distance provides support to our genetic clustering analysis and suggest dispersal 

limitation of these specialist species likely within transects and at fine spatial scales. 

 

Evidence of local adaptation 

Notably a large proportion of loci were detected under selection in K. tristis compared to K. 

usitatus, indicating stronger signatures of local adaptation in this species. Furthermore, candidate 

loci under selection in K. tristis showed higher genetic differentiation between Thredbo and 

Guthega (mean Fst= 0.03) than K. usitatus (mean Fst= 0.02) indicating greater potential for local 

adaptation in K. tristis (Fig. 9), which may be aided by the species' more restricted thermal 

preference and elevational distribution (Slatyer et al., 2016). Increased numbers of SNPs under 

putative selection, and therefore, greater evidence for local adaptation in K. tristis aligns with our 

finding of stronger genetic structure in this species. Restricted gene flow between populations 

can limit the exchange of alleles in different environments and can promote stronger local 

adaptation in populations (Kawecki and Ebert, 2004). By showing greater genetic differentiation 

(restricted gene flow) and stronger signatures of local adaptation, our study implies that K. tristis 

is likely to be more sensitive to changing climatic and landscape conditions. On the other hand, 

K. usitatus is more likely to maintain a relatively higher gene flow and potential to exchange 

beneficial alleles across its range as it shows reduced local adaptation, and therefore may be less 
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sensitive to changing environmental conditions such as decrease in precipitation levels and 

increase in temperature as a consequence of climate change.  

  

Figure 9: Fst distribution between candidate loci in the two regions (Thredbo and Guthega) for 

both K. tristis (pink) and K. usitatus (blue). 

 

Similar genomic responses are likely in closely related species and independent populations, 

when confronted with challenging environmental pressures and similar selection pressures. For 

example, adaptive genetic convergence has been shown by independent stickleback populations 

to aquatic environments (Rennison et al., 2019), and similarly, two Arabidopsis species have 

shown convergence to adapt to soils with toxic levels of heavy metals (Preite et al., 2019). 

Common SNP markers (i.e. present in both species) identified as candidate loci under selection 

and a few common gene annotations in our study provide evidence for parallel evolutionary 

changes within these closely related, and co-occurring species that may act to deal with the 

challenging alpine environment. Furthermore, the greater association of these common SNPs 

with climatic variables establish the importance of local climates in driving common adaptive 

responses in closely related species. Such observations of shared genetic changes and parallel 

adaptation are not rare among closely related lineages (reviewed in Elmer and Meyer, 2011, 

Bolnick et al., 2018, Flood and Hancock, 2017). For instance, a review by Conte et al. (2012) on 
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published empirical data indicated that on average, the chances of usage of the same gene in 

adaptation is 0.32 to 0.55 in different lineages, which is evidently high and indicates that 

adaptive evolution is repeatable. Similarly, local adaptation can be more repeatable at the 

genomic level than expected as shown by Yeaman et al. (2016) using the distantly related 

conifers. However, studies have rarely used independent dataset to examine the generality of 

adaptive patterns using EAA (Rellstab et al., 2015). Further study with higher density markers or 

whole genome analysis may provide deeper insights in to the convergence of traits potentially 

locally adapted in these two closely related species.  

 

We observed some species-specific environmental associations, for example, in K. usitatus, soil 

variables (including soil pH and soil bulk density) were associated with a greater number of 

candidate SNPs than terrain variables. Soil properties are important for controlling plant growth, 

viability of offspring in grasshoppers and the presence of parasitic nematodes and 

entomopathogenic fungi in grasshoppers (Herrmann et al., 2010, Milner and Prior, 1994). Our 

previous study on another grasshopper species also indicated an important role of soil in 

determining relative abundance and was also identified as a possible selection pressure (Yadav et 

al., 2018, 2019). For K. tristis terrain variables including terrain roughness and foliage cover is 

observed to be highly relevant selective pressure than soil variables including soil pH and soil 

bulk density. Terrain properties are important for species' fine scale distributions, movement, and 

in grasshoppers, foliage cover is relevant for thermoregulation (Kearney et al., 2009). Low 

foliage cover (i.e. bare ground at higher elevations) provide challenging habitats due to restricted 

thermoregulatory sites as grasshoppers thermoregulate via shuttling in sun and shade. Finally, we 

observed many more body size candidate SNPs for K. tristis compared to K. usitatus. This 

pattern may be more rigorously tested with a larger sample size. However, we found a large 

number of unique SNP associations that were not biased by sex in K. tristis, indicating potential 

for selection on body size due its correlation with fecundity, and efficiency of thermoregulation 

(Chown and Gaston, 2010).  
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Results combined from all outlier detection methods suggest that climatic variables are the most 

important predictors of adaptive genetic variation and are likely to be key drivers of spatially 

varying selection for both K. usitatus and K. tristis. Within the climatic variables, precipitation 

seasonality and elevation (a proxy for temperature) have a much higher number of outlier 

associations in both species and in the common dataset than the number of frost days. A key role 

of precipitation and temperature as major drivers of adaptive differentiation along elevational 

gradients is shown in a range of ectotherms (Keller et al., 2013, Muir et al., 2014, Macdonald et 

al., 2018) including insects (e.g. frutifly: Barker et al., 2011). Such observations are not 

unexpected as temperature and precipitation are strong selective pressures for ectotherms due to 

their direct link with physiological processes (Carey et al., 2003), growth rate, thermoregulation, 

and fitness of individuals in heterogeneous environments (Clusella-Trullas et al., 2011). Thus, 

like other ectotherms, adaptive divergence in grasshoppers is largely influenced by temperature 

and precipitation. 

 

Environmental conditions associated with elevational gradients may facilitate adaptive 

divergence between populations at micro-geographic scales. Several studies consider large 

geographic scales (a few hundred to thousands of kilometres) to scan for selection signatures, 

however working at scales relevant for the dispersal and environmental tolerance of species is 

crucial for making informed conservation decisions (Stockwell et al., 2003). Adaptive 

divergence at fine geographic scales has been little studied due to an assumption that high gene 

flow at shorter distances may disrupt local adaptation (Barrett and Hoekstra, 2011). However 

recent work on alpine plants (Kubota et al., 2015, Frachon et al., 2018, Manel et al., 2010), 

alpine mammals (Waterhouse et al., 2018), and amphibians (Muir et al., 2014, Skelly, 2004, 

Richardson and Urban, 2013) have demonstrated that local adaptation can occur at fine spatial 

scales of less than a few kilometres. Our study is in agreement with these studies and implies that 

local adaptation can be detected at short geographic scales in invertebrates with limited dispersal 

ability, elevational distributions and thermal tolerances.  
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Correction for population structure in pRDA resulted in a decreased number of outliers in all 

three datasets. The influence of population structure correction is visible in ordination plots for 

each dataset (Fig. 6). A major concern in tests for selection detection is the discovery of true 

adaptive signals versus neutral signals. Genetic signatures of selection can be confounded by 

neutral demographic and historical processes in structured populations (Excoffier et al., 2009) 

and correction for population structure is recommended to avoid false interpretation of selection. 

However, these corrections can be overly conservative and may remove true signals of selection 

leading to loss of detection power as shown in a simulation-based study by Forester et al. (2018) 

because selection can also generate spatial pattern of population structure (Charlsworth et al., 

1997). In our study, we identified a strong genetic structuring between the Thredbo and Guthega 

mountain regions, thus its challenging to separate true selection signals from neutral signals. 

However, results obtained from before and after correcting for population structure are not 

considerably different whereby a large number of outliers overlapped between the two methods. 

Further, the same environmental variables (elevation and precipitation) were detected as 

important predictors of genetic variation suggesting an important role of these predictors as 

drivers of local adaptation in the system.  

 

Polygenic score along elevation gradients 

The strong positive correlation between additive polygenic scores calculated for each individual 

and elevation indicates that the frequencies of multiple, different alleles (i.e. that are favorable in 

local environments) are being maintained along elevational gradients. A quadratic model 

described this relationship better than a linear model in both species, indicating selection 

pressures are not linear and alleles along the gradient are not following a clinal increase (Fig. 8). 

A relatively higher polygenic score at higher elevations suggests stronger and steeper selection 

pressures at higher elevations than at lower elevations. This is consistent with the challenging 

environmental conditions at higher elevations such as increasing coldness and precipitation. 

These results indicate a possible link between genotype and environmental pressures along 
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elevation and implies that locally favored alleles possibly affect the fitness of individuals at 

different elevational gradients. The lower extent of variance explained in the common data is 

possibly because this dataset encompasses two species with divergent allele frequencies. The 

pattern of relationship between polygenic scores and elevation is similar in K. usitatus and K. 

tristis, however the difference in polygenic scores between regions is more visible in K. tristis 

Thredbo (higher scores) and Guthega (lower scores; Fig. S7) than K. usitatus, indicating that K. 

tristis is more differentially locally adapted in the two regions. 

 

Although it is not possible to completely rule out the possibility of physical linkage between the 

candidate loci due to the unavailability of a reference genome for our focal species, our LD 

correlation assessment indicates that the candidate loci are unlikely to be physically linked. The 

use of polygenic scores to characterise the strength of selection across candidate loci is a useful 

measure and is particularly useful to overcome limitations of single locus tests (Gagnaire and 

Gaggiotti, 2016), however a better characterization can be achieved via experimental 

confirmation of allelic effects and via examination of the phenotypic basis of loci under 

selection.  

 
 
Candidate genes under selection along elevational gradient 

A small number of outlier loci found across all three datasets (i.e. individual and combined) 

returned significant annotations to known insect genes. Several interesting annotations emerged 

including multiple matches to phospholipase gene (PLA2) and vitellin B gene with all three 

datasets, indicating evidence of positive selection on these genes. PL is an important gene 

involved in the hydrolyses of lipids, cell signaling, and can also assist in the synthesis of acetyl 

CoA (Groot et al., 2013). The latter is shown to be involved in maintaining lipid membrane 

fluidity in the lipid bilayer during cold acclimatization (Nozawa, 2011, Waterhouse et al., 2018). 

This highlights the potential role of PL enzymes in metabolic processes associated with cold 
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tolerance, which in turn can be highly beneficial for ectothermic grasshoppers that confront 

cooler temperatures.  

Another common gene function in both species also found in the common dataset was annotated 

to the vitelline B gene. Vitellin is a major egg yolk protein and are present in large amount in 

females (Hagedorn and Kunkel, 1979, Tufail and Takeda, 2008). Vitellogenin the precursor of 

vitelline plays an important role as a food resource in developing embryo (Harnish and White, 

1982), provide material for ovary development and is important for insect fecundity (Wu et al., 

2018, Zhang et al., 2019). The involvement of vitellin gene in key reproductive pathways, 

suggest that this gene and its precursor proteins are putatively under strong selection and may 

provide a fitness advantage. Notably, a large number of independent candidate loci (LD <20%) 

across all datasets showed annotation to the PL gene and vitelline B gene, indicating 

involvement of common genes under selection in both species and the likelihood of parallel 

adaptation.  

 

Conclusion 

Alpine habitats make an excellent system to study fine scale gene flow and local adaptation. 

Comparing two co-occurring and closely related insect species in the Australian Alps, we have 

shown that the extent of local adaptation and genetic structure may differ in congeneric species 

based on their thermal preferences and elevational distributions. We demonstrate that species 

with a restricted thermal and elevational niche show strong genetic differentiation and local 

adaptation compared to a more widely distributed and tolerant species and is therefore likely to 

be more vulnerable to climate and landscape change. Our approach is therefore relevant for 

multispecies conservation inference (Nicholson and Possingham, 2006). By using several 

different outlier detection tests and polygenic score analyses we demonstrate that elevation and 

climatic variables are major drivers of adaptive divergence across fine spatial scales, and further 

changes in climate may negatively influence alpine restricted species. Our study provides 
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relevant information for understanding the adaptive capacity of two alpine restricted species and 

in assessing which species may be more or less susceptible to climate shifts. Given the predicted 

increases in temperature in the Australian Alps over the coming decades, it is critical to 

understand the responses and evolutionary trajectories of alpine-restricted species under climate 

change. 
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Photo (A): Kosciuscola tristis males; (B) Kosciuscola tristis females (photos: Sonu Yadav) 
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GENERAL DISCUSSION 
 
 

The collection of chapters in this thesis provides a comprehensive understanding of the impact of 

environmental variables on the ecology and evolution of a generalist pest versus an alpine 

specialist grasshopper species assemblage along latitudinal and elevational gradients. This thesis 

showed that the environmental variables including climatic data, vegetation cover and soil 

properties have an important influence on the morphology, abundance, genetic structure and 

local adaptation of the two contrasting study systems. The widespread generalist species, P. 

vittatum, was found to have high gene flow between sites along a 900 km latitudinal gradient, yet 

signatures of selection were detected despite this high gene flow, indicating its potential to 

spread and adapt to changing climatic regimes. The independent landscape resistance analysis 

and local adaptation detection analyses identified temperature as a common variable influencing 

dispersal and evolutionary processes in this agricultural pest. 

 

On the other hand, the two alpine specialist species, Kosciuscola usitatus and Kosciuscola tristis 

were found to have strong genetic structure at both broad and micro geographic scales and were 

shown to have strong signatures of local adaptation. Within the alpine specialist species, K. 

tristis showed a more pronounced genetic structure and stronger selection signatures of local 

adaptation as compared to K. usitatus and thus may be more vulnerable to changing climatic 

conditions. Temperature is identified as a dominant variable influencing abundance patterns, 

morphology, and local adaptation in the specialist grasshopper systems. Although annotated 

genomes of the study species were unavailable yet annotation of candidate loci putatively under 

environmental selection among all study systems to “insects” and Locusta migratoria genome 

(Wang et al., 2014) in NCBI BLAST database (Johnson et al., 2008) indicated genes involved in 

environmental cue detection, UV protection, detoxification, lipid metabolism, and development. 

These results suggest that environmental variables are important selective pressures and may 

lead to changes at a functional level.  
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By applying statistical modelling, and landscape genomics approach with newly developed 

statistical approaches within environmental association analysis framework (Rellstab et al., 

2015, Forester et al., 2018, Balkenhol et al., 2017), the chapters in this thesis provide insights 

into species' morphological variations, genetic connectivity and adaptive capacity in relation to 

diverse environmental conditions. Such knowledge is crucial to predict species vulnerability, and 

responses to environmental changes and for implementing better management and conservation 

measures under increasing impacts of climate and land use change (de los Ríos et al., 2018; 

Hoffmann & Sgro, 2011).  

 

Environmental influences on morphology, abundance and adaptation in Phaulacridium vittatum: 

 Chapters 2-3 

Insects can be divided into generalists and specialists based on their climatic distributions which 

is an important determinant of their resistance to climatic extremes and reproductive output 

(Hoffmann 2010). Environmental variation across wide geographic ranges can influence several 

aspects of an organisms’ development and exert selection pressures that favour morphological 

variation. For instance, colour polymorphism in Orthoptera, including grasshoppers, is a well-

known trait (Dearn, 1990) and is often regulated by environmental conditions (Rowell, 1972, 

Key, 1954). In the generalist agricultural pest, P. vittatum, solar radiation significantly influences 

body size variation and the presence of white stripes, whereby a higher frequency of larger, 

striped individuals are found at sites with higher solar radiation. The presence of two white 

dorsal stripes has potential benefit for thermoregulation in this species (Harris et al., 2013b, 

Harris et al., 2013a), while larger body size may be a consequence of a longer growth period at 

higher latitude sites with greater solar radiation (Blanckenhorn, 2000, Blanckenhorn and 

Demont, 2004). Furthermore, other results indicate that an increase in foliage cover promotes a 

higher frequency of winged individuals than wingless (Chapter 2), highlighting the importance 

of habitat type for polymorphic traits (e.g., as shown in planthoppers Denno et al., 1991). These 
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results demonstrate how environmental factors can impact the distribution of morphological 

variation which may confer fitness advantage for living in diverse environments.  

 

The relative abundance of Phaulacridium vittatum is significantly positively correlated with 

latitude, wind speed, and soil moisture and negatively correlated with foliage cover. A greater 

relative abundance at sites with increased wind speed indicates that the presence of wings and 

wind-assisted movement in this species may aid their long distance dispersal. Furthermore, lower 

foliage cover supports a higher relative abundance and suggest that further clearing of landcover 

may result in greater availability of open lands and may support a higher population size of this 

agricultural pest. This finding is further supported by neutral analysis of landscape genetic 

connectivity (Chapter 3), whereby pasture, agricultural and rural areas provide negligible 

resistance to genetic connectivity as compared to water bodies and urban areas, suggesting that 

the spread of pasture will provide suitable habitat and sites for dispersal and may potentially lead 

to more serious outbreaks. 

 

The molecular analysis of Phaulacridium vittatum in this thesis is the first broad scale genetic 

analysis of this species and improves our understanding of gene flow, environmental adaptation 

and the interplay between gene flow and local adaptation. The low genetic differentiation 

between sites indicates substantial admixture over long geographic distances in this species 

(Chapter 3). Landscape resistance modelling highlighted a significant effect of temperature on 

genetic connectivity, that was ten fold higher than resistance due to land cover. The mean annual 

temperatures of 19 °C provided negligible resistance to gene flow indicating that a further 

increase in temperature is likely to facilitate the spread of this species to new areas. In addition, 

greater signatures of local adaptation in relation to latitude, temperature, and body size indicate 

that local selection pressures can favour some genotypes more than others despite the 

homogenising effect of gene flow between sites. The annotation to genes that are involved in 
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neurotransmission, chemical signalling, olfaction (Dingledine et al., 1999, Usherwood, 1994) 

and metabolism (Ahn et al., 2012) and are relevant for widespread adaptation such as better 

environmental cue detection, UV shielding and digesting toxic plant secondary metabolites, 

indicates that this species is favourably dealing with heterogeneous environments via regulating 

underlying metabolic pathways. Taken together, Chapters 2 and 3 indicate strong potential for P. 

vittatum to adapt and spread within spatially variable and challenging environments. 

 

Insights into Kosciuscola ecology and evolution: Chapters 4-5 

Alpine ecosystems are under threat globally from increased temperature, declined precipitation 

levels as a result of climate change and in the Australian Alpine bioregion an increase in 

temperature, decrease in snow depth, and sub-alpine vegetation encroachment is already visible 

(Hoffmann et al., 2018; Sánchez-Bayo and Green, 2018), imposing negative consequences on 

the survival of alpine restricted species. For instance, the numbers of Pygmy possums, Burramys 

parvus, which are Australian alpine specialists, have declined by 30% over 35 years (Greenville 

et al., 2018). Furthermore, an altitudinal shift in the distribution of avian and mammalian 

biodiversity in the Australian alpine bioregion was recorded over a 30 year period prior to 1999 

(Green and Pickering, 2002). However, vital knowledge on the distribution and abundance of 

many invertebrate species inhabiting the Australian Alps is still missing.  

 

Our data from on three co-occurring Kosciuscola (K. usitatus, K. tristis, and K. cognatus) 

grasshoppers across three alpine regions within the Mt. Kosciuszko National Park (Chapter 4), 

provides information on relative abundance and body size along elevation gradients. The 

dissimilar trends of relative abundances along elevation gradients across the three species 

(negative in K. usitatus, positive in K. tristis and insignificant in K. cognatus) indicates 

differences in physiological tolerance and elevational preference. A reduction in relative 

abundance at higher elevations as seen in K. usitatus can also be a consequence of reduced 

fecundity via a decline in egg production at higher elevations as shown by a previous study on 



           

 184 

the species (Dearn, 1977). Furthermore, male K. tristis exhibits colour change in response to 

temperature, being turquoise blue at ambient temperature 25°C and black below an ambient 

temperature of 15°C (Umbers, 2011, Umbers et al., 2013). This may help to increase fitness and 

in turn, the relative abundance of this species at higher elevation via increased thermoregulation 

efficiency. 

 

Furthermore, Kosciuscola body size showed a decline along an elevational gradient in all three 

species, however the change in body size was sex specific. The overall smaller body size at 

higher elevations in all three species possibly suggest strong selective pressures are acting at 

higher altitude where growth season is limited (highly important for univoltine species) 

(reviewed in Chown and Gaston, 2010, Horne et al., 2018, Honěk, 1993), and climatic 

conditions are challenging such as very low temperatures and higher precipitation (Whitman, 

2008). Sex specific clines as observed in K. tristis (only female body size change with elevation) 

and K. cognatus (only male body size change), suggests that the evolution of male and female 

body size may follow a divergent evolutionary pathway within each species as a consequence of 

sexual selection on males or natural selection on female or sex specific plasticity (Fairbairn et 

al., 2007, Fairbairn, 2013, García Navas et al., 2017).  

 

With the sharp and steep variation in environmental conditions along elevational gradients, 

alpine ecosystems provide an ideal system to investigate fine scale genetic differentiation and 

local adaptation (Körner, 2007). Recent studies have shown that genetic structure and 

environmental adaptation can be visible at fine scales (reviewed in Richardson et al., 2014), 

opposing the common notion that environmental selection is likely to be visible at large 

geographic scales. By showing strong genetic structure in K. usitatus and K. tristis between sites 

separated by only ~25 km, a significant non-linear isolation by distance at fine scales and the 

presence of genetic differentiation between transects potentially shaped by geographic and 

anthropogenic barriers, the Chapter 5 point out that change in temperature and precipitation 



           

 185 

levels due to climate change and habitat fragmentation will negatively impact dispersal and gene 

flow in specialist species. Similarly, detection of a high number of candidate SNPs putatively 

under selection across fine geographical scales (especially in K. tristis) indicates that both the 

species are adapted to local environmental conditions, whereby the strength of adaptive variation 

in relation to environmental conditions is greater in K. tristis. Results in Chapter 5 showed that 

K. tristis, which has a narrower elevational distribution and lower cold tolerance shows stronger 

genetic differentiation and local adaptation signals as compared to the more broadly distributed 

K. usitatus, which also has a wider thermal tolerance (Slatyer et al., 2016). This demonstrates 

that further change in climatic and habitat conditions are likely to more negatively impact K. 

tristis than K. usitatus and similar negative effects can be expected for other alpine specialist 

species with limited dispersal and higher levels of local adaptation. For instance, studies have 

reported declines in specialist species including insects, plants, birds and mammals as a 

consequence of habitat disturbances and climate change (reviewed in Clavel et al., 2011, 

Devictor et al., 2008). Due to their higher extent of local adaptation (Jones, 2013) to the 

contemporary environmental conditions and limited gene flow between populations, specialist 

species may show constrained evolutionary response to future climatic changes. 

 

Interestingly, a large number of SNPs common in both species were detected under selection 

indicating that the same genes may be under selection in both species and climate adaptation 

may involve parallel adaptative pathways. Several common annotations to phospholipase and 

vitellin B gene indicate a high likelihood that these genes are under selection in both species. 

The relation of phospholipase gene with cold tolerance (Nozawa, 2011, Waterhouse et al., 2018) 

and vitellin B gene with growth and development (Harnish and White, 1982) make them vital 

candidate genes to be under selection and influence fitness. These similar annotations highlight 

that selection pressures appear to converge on a functional level in two co-occurring species 

diverged from each other around 2.78 MYA. Furthermore, using an additive polygenic approach, 

which is useful to examine cumulative effect of loci putatively under selection without knowing 
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their selective effects (Babin et al., 2017, Hancock et al., 2011), Chapter 5 results showed that 

locally favoured alleles are maintained at different frequencies and follow a non-linear increase 

in frequency along elevation gradients in both species, yet the extent of spatially variable 

adaptation was greater in K. tristis compared to K. usitatus. Notably, higher polygenic scores at a 

higher elevation in both species confirm that selection pressures are likely to be greater at higher 

elevations as compared to lower elevations, possibly due to harsher environmental conditions. 

Taken together, by applying a suite of genetic analysis approaches and comparing two co-

occurring species, Chapter 5 provides insights into microgeographic gene flow and local 

adaptation, climate driven common adaptive responses (parallel adaptation) and genetic 

architecture of climate adaptation in specialist species 

 

Temperature and insects 

Notably in all chapters (Chapter 2,3,4,5), temperature appeared to be the most common climatic 

driver of ecological and evolutionary processes in both study systems. In P. vittatum, 

temperature is detected as a key driver regulating neutral landscape genetic connectivity despite 

no isolation by distance and local signatures of selection along the broad latitudinal scale. 

Similarly, in Kosciuscola spp., elevation (used as a proxy for temperature; correlation= 98%) 

emerged as a significant driver of relative abundance in K. usitatus and K. tristis, and of body 

size change in all three species (K. usitatus, K. tristis, K. cognatus). Furthermore, a greater 

number of candidate loci putatively under selection correlated with elevation in both the species 

highlights its important role in driving adaptive divergence in populations separated by short 

geographic distances.  

 

Such significant associations between the abundance, morphology, genetic connectivity, and 

local adaptation of ectothermic insects and temperature is however somewhat anticipated. A 

significant effect of temperature is well demonstrated in influencing important life history traits 

of insects such as hatching time in geometrid moths (Falt-Nardmann et al., 2016), diapause in 
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fruit flies (Moraiti et al., 2014), and voltinism in moths (Yamanaka et al., 2008). In addition, 

temperature is also shown to be a strong driver of adaptive divergence in insects such as 

damselflies (Dudaniec et al., 2018), bamboo locust (Feng et al., 2015) and harlequin flies 

(Waldvogel et al., 2018). Similarly, temperature is equally important to grasshoppers and there is 

possibly no phase in grasshopper biology that remains unaffected by temperature either directly 

or indirectly (Chappell and Whitman, 1990). Important biological activities such as locomotion, 

fecundity, survival of eggs and juveniles, habitat selection and food consumption are all 

influenced by thermal regimes in grasshoppers (Chappell and Whitman, 1990). Due to a vital 

association of temperature with important aspects of an insects’ life cycle it is expected that a 

further increase in temperature as a consequence of anthropogenic climate change will 

substantially influence their survival and spread.  

 

Conclusion and future directions 

Climate change impacts on biological systems include a change in species distribution, 

abundance, and reduced genetic diversity and gene flow (Scheffers et al., 2016). In addition, 

climate change is altering interspecific interactions and species' interactions with their 

environment, and such alterations may hamper ecosystem functioning (Pecl et al., 2017). 

Generalist species are more likely to adapt to shifting climatic regimes than specialist species, 

making specialist species more vulnerable to climate change (Ofori et al., 2017). A decline in 

specialist species has already been documented by several studies in the past few decades 

(Clavel et al., 2011). Thus, estimating the extent of vulnerability of a species or community to 

climate change can provide crucial information on what is under increased threat and may 

require conservation attention (de los Ríos et al., 2018).  

 

Ecological knowledge about abundance and morphological variation in the widespread pest P. 

vittatum and the alpine-restricted Kosciuscola species assemblage provides information that is 

important for understanding current and future species distributions under climate change. 
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Furthermore, observations made in Chapter 3 fill an important gap in regard to invertebrate 

species' response to climatic variables and foliage cover in the alpine ecosystems, with particular 

relevance to Australian Alps. The landscape genomics framework applied in Chapters 3 and 5, 

explores subtle effects of landscape and environmental variables on adaptive and neutral genetic 

variation. A further increase in temperature as a consequence of climate warming and an 

increase in open pasture are likely to facilitate wider distributions of P. vittatum. On the other 

hand, climate warming and habitat destruction are likely to negatively impact K. tristis and K. 

usitatus due to higher levels of localised adaptation and restricted gene flow. Taken together, 

Chapters 3 and 5 provide relevant knowledge for understanding the adaptive capacity and 

genetic connectivity of the two contrasting study systems. 

 

While the ecological studies (Chapter 2 and 4) were carried out on the dataset collected in one 

season, the robust sampling design and strong statistical support permitted for strong conclusions 

to be drawn from studies, yet further sampling efforts over multiple seasons in the future would 

help to disentangle the spatial and temporal interactions and variations in abundance changes 

across seasons. A further expansion of the sampling area for Kosciuscola grasshoppers in other 

alpine regions of New South Wales and Victoria would further help to improve understanding of 

their population dynamics and abundances throughout their distributions. Availability of fine 

scale environmental data particularly in the alpine ecosystems will assist in examining impact of 

environmental variables on genetic connectivity of species at microgeographic scales. 

 

Landscape genomics study using cost-effective SNP datasets provides useful information on 

species adaptive capacity and the genetic basis of local adaptation (reviewed in Bragg et al., 

2015). An important aspect however, is to translate the involvement of the selected marker into 

biological functions, underlying functional pathways, and phenotypic changes. Functional 

validation of outlier SNPs is often not viable, especially when study species cannot be 

transformed or when selective pressures cannot be recreated experimentally and thus is a major 
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limitation to EAA studies (Rellstab et al., 2017). One feasible solution to understand the 

functional basis is to annotate identified outlier markers to the available genomes. Although 

reference genome of closely related species could be used for annotation with an assumption that 

they perform the same function, an essential requirement to understand functional basis is the 

availability of well annotated genomes of nonmodel species. Further advancements in genome 

sequencing, assembly, and functional characterization of genes will help to better understand the 

underlying genomic signatures of selection, the genetic architecture of selection and the 

functional relevance of genes that will assist species to persist under changing environments. 

Further, single loci tests are not always effective in identifying subtle signals of local adaptation 

(Yeaman and Whitlock 2011) and a multi-locus approach is useful to overcome this limitation 

(Gagnaire and Gaggiotti, 2016). By using recently available polygenic score analysis the study 

this thesis has explored signals of selection across multiple loci. However, further experimental 

confirmation of allelic effects can provide improved characterisation of strength and genomic 

architecture of selection. 
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SUPPLEMENTARY INFORMATION 
 
 

Chapter 2 Supplementary material:  Morphological variation tracks environmental gradients 
in an agricultural pest, Phaulacridium vittatum (Orthoptera: Acrididae) 
 
Sonu Yadav, Adam J. Stow, Rebecca M. B. Harris, Rachael Y. Dudaniec 

 

Text S1. Pearson correlation analysis 

Solar radiation showed a strong correlation with longitude (Pearson correlation coefficient, r = -

0.89), and latitude (r = 0.81) whereas wind speed had a strong correlation with mean annual 

temperature (BIO1, r = -0.90) (Table S2). Mean annual precipitation (BIO12) was strongly 

correlated with mean annual temperature (BIO1, r = -0.83).  
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(a)                                                                  (b) 

Figure. S1: Correlation between body size (mm) and solar radiation (kJ/m2/day). An increase in 

femur length of both males and females is observed with increase in solar radiation, however the 

relation was stronger in males than females: (a) male (linear model P <0.0001) and (b) female 

(linear model P = 0.03). 

 

Figure. S2: Correlation between wing polymorphism measured as 0 (wingless morph) and 1 

(winged morph) with Foliage Projective Cover (FPC %). A high number of winged individuals 

were observed at sites with high foliage cover.
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Figure. S3: Scatter plot of solar radiation along a latitudinal gradient covered by 36 sampled 

sites in the study. Sites towards more Southern latitudes (35-36 °S) receive high solar radiation. 

 

Figure S4: Scatterplot of elevation (m asl) and Foliage Projective Cover (FPC %) indicating 

sites above 1000 m asl have higher foliage cover than sites below 1000 m asl elevation. 
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Table S1. Spatial coordinates of sampled sites across the eastern coast of New South Wales and 

extracted values of environmental variables for each site. Data for mean annual temperature 

(BIO1) and mean annual precipitation (BIO12) were downloaded for a period of 1960-1990, 

wind speed and solar radiation data were downloaded for a period of 1970-2000. Lat= Latitude; 

Long=Longitude; FPC= Foliage Projective Cover (%). 

Site 
ID 

Lat 
(°S) 

Long 
(°S) 

Elevation 
(m asl) 

BIO1 
(°C) 

BIO12 
(mm) 

Solar radiation 
(kJ/m2/day) 

Wind 
speed 
(m/s) 

FPC 
(%) 

Soil moisture 

1 -29.18 152 802 15 929 23477 3.32 9.8 0 
2 -29.64 151.95 1103 13.2 985 23403 3.7 8.01 0 
3 -29.78 151.73 1130 13.1 880 23401 3.77 0.98 1 
4 -30.23 151.82 1309 11.6 909 23289 3.81 0 1 
5 -30.34 152.42 1290 11.8 1402 22899 3.69 11.43 1 
6 -30.7 151.47 1045 12.8 813 23740 3.4 4.17 0 
7 -31.25 150.91 483 16 722 24134 3.05 2.46 1 
8 -31.61 150.78 631 14.9 832 24015 3.14 9.86 1 
9 -31.84 150.91 413 15.9 804 24176 3 12.63 0 
10 -32.34 150.58 133 17.4 625 24290 2.9 5.04 0 
11 -32.61 150.07 421 15.5 657 24727 3.13 24.5 1 
12 -33.12 148.91 506 14.4 760 25582 3.61 12.07 1 
13 -33.44 149.33 973 11.5 864 25610 3.79 2.97 1 
14 -33.42 149.72 816 12.5 703 24956 3.54 3.83 1 
15 -33.46 150.12 979 12 901 24589 3.6 13.31 0 
16 -33.5 150.39 984 11.8 1298 23811 2.92 57.72 1 
17 -33.45 150.6 532 14.4 1309 23866 2.77 37.11 0 
18 -33.61 150.12 952 11.8 998 24526 3.58 1.81 1 
19 -33.7 149.84 1135 10.7 926 24833 3.81 8.65 1 
20 -33.7 149.55 879 11.6 831 25567 3.8 2.85 1 
21 -33.84 149.00 738 12.5 905 26021 3.78 8.38 0 
22 -34.15 149.75 982 11.1 915 25623 3.8 0 1 
23 -34.45 149.2 730 12.4 800 26128 3.99 1.68 0 
24 -34.72 149.76 633 13.1 689 25712 3.58 4.61 0 
25 -35.05 149.86 600 13 720 25673 3.71 2.24 0 
26 -35.51 149.69 665 12.5 942 25703 3.46 7.01 0 
27 -35.34 149.28 704 12.4 677 26617 3.99 18.4 0 
28 -34.93 149.00 562 13.4 713 26408 3.54 0 0 
29 -34.6 148.32 400 14.3 701 26716 3.86 1.51 1 
30 -35.11 148.06 226 15.4 710 27074 3.73 0.61 0 
31 -35.61 148.09 1004 10.4 1353 26399 4.57 48.17 1 
32 -36.05 148.38 1573 6.7 1756 25647 5.1 46.52 0 
33 -36.35 148.56 1290 8.5 1289 25798 4.74 38.91 1 
34 -36.38 148.37 1648 5.9 1867 25347 5.26 57.94 0 
35 -36.50 148.27 1966 4.6 1676 25229 5.38 28.15 0 
36 -36.52 148.26 1548 6 1783 25486 5.1 26.39 0 
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Table S2. Pearson correlation analysis matrix between all environmental variables. Variables 

with r >0.80 were dropped from the further analysis, except latitude. FPC= Foliage Projective 

Cover; BIO1= mean annual temperature; BIO12= mean annual precipitation; Lat=latitude and 

Long= longitude. Final six variables chosen for analysis are indicated in bold. 

Variables Solar 

radiation 

(kJ/m2/day) 

Wind 

speed 

(m/s) 

Soil 

moisture 

FPC 

(%) 

BIO1 

(°C) 

BIO12 

(mm) 

Elevation 

(m asl) 

Lat 

(°S) 

Long 

(°S) 

Solar radiation 1.00 
        

Wind speed 0.41 1.00 
       

Soil moisture -0.17 -0.14 1.00 
      

FPC 0.02 0.43 -0.06 1.00 
     

BIO1 -0.21 -0.90 0.07 -0.53 1.00 
    

BIO12 -0.07 0.71 -0.13 0.76 -0.83 1.00 
   

Elevation -0.17 0.77 0.02 0.45 -0.91 0.80 1.00 
  

Latitude 0.81 0.61 -0.23 0.42 -0.58 0.39 0.20 1.00 
 

Longitude -0.89 -0.61 0.12 -0.33 0.47 -0.28 -0.10 -0.92 1.00 

 

Table S3. The relative importance is shown for four fixed effects used in the multiple linear 

regression analysis with relative abundance as a response variable using lmg method (R2 

partitioned by averaging over orders). Foliage Projective Cover (FPC %) shows the highest 

relative abundance followed by wind speed, soil moisture, and latitude.  

Fixed effects Relative importance 

 (method=Lmg) 

FPC (%) 0.57 

Wind speed 0.27 

Soil moisture 0.09 

Latitude 0.07 
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Table S4. Details of soil type extracted for each site. Soils were classified based on Great Soil 

Group (GSG) and Australian Soil Classification (ASC) as low moisture (0) and high moisture 

(1).  

Site ID Latitude 

(°S) 

Soil type (Great Soil Group/Australian Soil 

classification) 

GSG code Soil Moisture 

Assignment 

1 -29.18 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

2 -29.64 Soloths SH 0 

3 -29.78 Black Earths/Vertosols  BE 1 

4 -30.23 Kraznozems K 1 

5 -30.34 Gleyed Podzolic Soils/Hydrosols  GP 1 

6 -30.70 Soloths SH 0 

7 -31.25 Red Brown Earths RBE 1 

8 -31.61 Chocolate Soils C 1 

9 -31.84 Soloths SH 0 

10 -32.34 Solodic Soils SC 0 

11 -32.61 Chernozems CH 1 

12 -33.12 Euchrozems E 1 

13 -33.44 Red Earths - less fertile (granites and 

metasediments)/Kandosols  

REl 
1 

14 -33.42 Non Calcic Brown Soils NKB 1 

15 -33.46 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

16 -33.50 Kraznozems K 1 

17 -33.45 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

18 -33.61 Yellow Earths/Kandosols  YE 1 

19 -33.70 Kraznozems K 1 

20 -33.70 Red Podzolic Soils - more fertile (volcanics and 

granodiorites) 

RPm 
1 
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21 -33.84 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

22 -34.15 Chocolate Soils C 1 

23 -34.45 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

24 -34.72 Soloths SH 0 

25 -35.05 Siliceous Sands/Rudosols  SS 0 

26 -35.51 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

27 -35.34 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

28 -34.93 Yellow Podzolic Soils - less fertile (granites and 

metasediments) 

YPl 
0 

29 -34.60 Red Brown Earths RBE 1 

30 -35.11 Red Podzolic Soils - less fertile (granites and 

metasediments) 

RPl 
0 

31 -35.61 Red Podzolic Soils - more fertile (volcanics and 

granodiorites) 

RPm 
1 

32 -36.05 Alpine Humus soils AH 0 

33 -36.35 Brown Earths/Dermosols  BRE 1 

34 -36.38 Alpine Humus soils AH 0 

35 -36.50 Alpine Humus soils AH 0 

36 -36.52 Lithosols L 0 

 
 
 
 
 
 
 
 
 
 
 
 
 



           

 201 

Chapter 3 Supplementary material: Detection of environmental and morphological 
adaptation despite high landscape genetic connectivity in a pest grasshopper 
(Phaulacridium vittatum) 
 
Sonu Yadav, Adam J. Stow, Rachael Y. Dudaniec 
 
Text S1. DArT extraction, SNP calling, filtering and quality check  

To call the SNPs, DNA sequences were aligned via BLAST using the Locusta migratoria 

reference genome with an E-value: 5e-3 and minimum sequence identity of >70%. To check for 

contamination, sequences were also aligned to bacterial and fungal genomes (NCBI). 

Furthermore, to call SNPs all tags from all libraries were included in DArTsoft14 proprietary 

software and were clustered using DArT PL’s C++ algorithm at the threshold distance of 3. This 

was followed by parsing of the clusters into separate SNP loci using a range of technical 

parameters, especially the balance of read counts for the allelic pairs.  Additional selection 

criteria were based on analysis of approximately 1,000 controlled cross populations. Technical 

parameters to call true allelic variants from paralogous sequences were facilitated by testing for 

Mendelian distribution of alleles in these populations. In addition multiple samples were 

processed from DNA to allelic calls as technical replicates and scoring consistency was used as 

the main selection criteria for high quality/low error rate markers 

 

DNA extraction was performed using the automated DNA extraction protocol on a 'TECAN 

freedom evo 100' liquid handling robot with a commercially available magnetic bead-based 

DNA extraction kit (Macherey-Nagel). DNA digestion and ligation reactions were performed as 

per Kilian et al. (2012). Digested and ligated samples were amplified for 30 cycles using the 

following PCR conditions: 94°C for 1 min, 94°C for 20 sec, 58°C for 30 sec, 72°C for 45 sec, 

72°C for 7 min. 

 

Proprietary analytical pipelines (DArTsoft14 – DArT’s proprietary software) were used to 

process sequences generated from each lane. After quality filtering, approximately 2,500,000 (± 

7%) sequences per sample were retained. DArT uses a reproducibility score (i.e. the proportion 
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of technical replicate assay pairs for which the marker score is consistent) and polymorphism 

information content (PIC: an index ranging from zero to one and inform allele variations of SNP 

marker) to assess the quality and information content of SNP calls. The threshold for the 

reproducibility score is set to 97%. Further quality control was undertaken by removing any 

bacterial or viral contaminant sequences using alignment to matching sequences within the 

GenBank and DArT databases.  

 

Text S2. Justification of environmental variables used in EAA 

Temperature and precipitation significantly affect the distribution, morphological variation and 

body size of P. vittatum (Harris et al., 2012, Harris et al., 2013). Wind speed can be relevant for 

insect passive dispersal (Anderson et al., 2010, Drake, 1994, Kennedy and Storer, 2000) and 

local adaptation (Dudaniec et al., 2018), and have a positive effect on the relative abundance of 

P. vittatum, whereby sites with high wind speed support higher site relative abundances (Yadav 

et al., 2018). 

 

Furthermore, foliage cover and habitat type are known to influence dispersal, thermoregulation, 

and oviposition site selection in P. vittatum (Clark, 1967). Soil acidity and soil moisture were 

chosen because the physical properties of soil have been shown to have substantial effects on the 

survival and density of grasshoppers (Miao et al., 2018). This is likely due to the role of soil in 

determining the distribution of preferable food sources (e.g., particular plants), suitable 

oviposition sites for egg development (Miao et al., 2018), population growth (Macfadyen et al., 

2018) and the distribution of nematode parasites (Barbercheck, 1992). Yadav et al. (2018) also 

found that soil moisture influenced site relative abundance of P. vittatum along the identical 

gradient sampled in the current study. 

 

 



           

 203 

TABLE S1: Details of environmental variables used in LFMM analysis, shown per site. BIO1= 

Mean annual temperature; BIO18= mean precipitation of the warmest quarter; FPC= Foliage 

Projective Cover (%). Soil Moisture: 0= Low; 1= High to intermediate. Soil Acidity: 1= Acidic 

(pH <5.5), 0= Non- acidic (pH > 5.5). Soil moisture and soil acidity values were assigned to 

sites-based information from Great soil group and Australian Soil Classification. 

Site 
ID 

Latitude 
(°S) 

Longitud
e 

(°S) 

 BIO1 
(°C) 

BIO18 
(mm) 

Wind speed 
(m/s) FPC (%) Soil 

Moisture 
Soil 

Acidity 

1 -29.18 152.00  15 365 3.32 9.8 0 1 
2 -29.64 151.95  13.2 383 3.70 8.01 0 1 
3 -30.23 151.82  11.6 342 3.81 0 1 1 
4 -30.70 151.47  12.8 293 3.40 4.17 0 1 
5 -31.25 150.91  16 254 3.05 2.46 1 0 
6 -31.84 150.91  15.9 279 3.00 12.63 0 1 
7 -32.34 150.58  17.4 238 2.90 5.04 0 0 
8 -32.61 150.07  15.5 229 3.13 24.5 1 0 
9 -33.42 149.72  12.5 209 3.54 3.83 1 0 

10 -33.50 150.39  11.8 434 2.92 57.72 1 1 
11 -33.84 149.00  12.5 209 3.78 8.37 0 1 
12 -34.15 149.75  11.1 243 3.80 0 1 1 
13 -34.60 148.32  14.3 157 3.86 1.51 1 0 
14 -34.72 149.76  13.1 186 3.58 4.61 0 1 
15 -35.11 148.06  15.4 147 3.73 0.61 0 1 
16 -35.51 149.69  12.5 246 3.46 7.01 0 1 
17 -35.61 148.09  10.4 220 4.57 48.17 1 0 
18 -36.05 148.38  6.7 270 5.10 46.52 0 1 
19 -36.52 148.26  6 283 5.10 26.39 0 1 
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Table S3: Description of outliers identified by OutFLANK (Whitlock & Lotterhos, 2015) with 

P-values. Fst= locus based Fst calculated by OutFLANK. 

 
 
 
 
 
 

 
 
Table S4: Description of 17 Fst outliers identified by BayeScan (Foll & Gaggiotti, 2008) at Q 

value (qval) threshold = 0.05; one outlier is detected under putative balancing selection (in bold) 

while all other outliers are under putative divergent selection. 

SNP ID Probability qval Locus Fst 
1354 0.85 0.04 0.22 
2340 1.00 0.00 0.27 
2341 1.00 0.00 0.31 
3014 1.00 0.00 0.44 
3197 0.92 0.01 0.34 
3885 1.00 0.00 0.30 
4737 0.83 0.05 0.22 
7060 0.90 0.02 0.23 
8998 1.00 0.00 0.37 
9459 1.00 0.00 0.33 
9703 0.98 0.00 0.22 
9890 1.00 0.00 0.37 
9993 0.88 0.03 0.27 

10534 0.96 0.01 0.32 
10677 0.98 0.00 0.26 
11345 1.00 0.00 0.35 
8981 0.89 0.03 0.02 

 

SNP ID He Fst P-values 
3014 0.38 0.49 <0.0001 
3197 0.11 0.41 <0.0001 
8998 0.4 0.44 <0.0001 
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Table S6. Annotation of four outlier loci identified by environment association analysis (EAA) 

only to the Locusta migratoria genome, using the NCBI ntBLAST search and E-value threshold 

of 0.0001. GluR= Glutamate receptor; iGluR= Inotropic glutamate receptor; GT= Glucosyl 

glucuronosyl transferases; BIO1= mean annual temperature. 

SNP ID Fst SNP LFMM 
association 

Product 
annotation 

E-value GenBank Accession 
number 

5439 0.184 
 

Latitude GluR 3 2E-24 KP843222.1 

7776 0.176 
 

Body size iGluR 3 6E-05 KP843204.1 

7777 0.165 
 

Body size iGluR 3 6E-05 KP843204.1 

8890 0.246 BIO1 GT 8E-10 KC118981.1 
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Figure S1. Landcover surfaces: (A) untransformed original raster layer downloaded from the 

Department of Agriculture and Water Resources, Australian Bureau of Agricultural and 

Resource Economics and Sciences, Land use management (ABARES 2017); (B) recategorized 

raster layer used for landscape resistance modeling analysis; 1= agricultural areas, grazing areas 

and pasture, 2= rural infrastructure, 3= forest and conservation areas, 4= urban infrastructure, 5= 

water bodies. 
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FIGURE S2. Outliers detected by Fst outlier methods. (A) Three outliers detected by 

OutFLANK with false discovery rate of ≤5% and expected heterozygosity ≥10%; (B) Outliers 

identified by BayeScan with the vertical line indicating the log10(q value) significance cut-off 

and red points indicating significant Fst outliers. 

 
FIGURE S3: Scatterplot showing no isolation by distance (P value= 0.79, Mantel statistic r = -

0.080) between pairwise Fst and geographic distance in km using the Mantel test in VEGAN R 

package (Oksanen et al., 2013). 
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FIGURE S4: (A) Evanno plot indicating K=3 best fit the data based on delta K. (B) The 

robustness of detection of optimal K was also tested using other four estimators of  

STRUCTURESELECTOR (Li and Liu, 2018). The optimal K is indicated by the red line on Y-

axis.  
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FIGURE S5. Fst distribution of outliers identified by LFMM (Frichot et al. 2013) ranged from 

0.05-0.54 (mean= 0.17 ± 0.01).  
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Figure S6: Outliers putatively associated with environmental variables in LFMM (Frichot et al. 

2013) implemented in LEA R package (Frichot and Francois 2015). Associations are shown for 

variables: (A) Latitude, (B) Mean Annual Temperature (BIO1), (C) Precipitation of the warmest 

quarter (mm, BIO18), (D) Soil moisture, (E) Wind speed, (F) Foliage Projective Cover (FPC %). 

Significant outliers shown in black and insignificant SNPs in grey. X-axis= Loci ID, Y-axis= –

log10 P-value threshold.
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Figure S7: Outliers detected to be associated with morphological variables using LFMM 

(Frichot et al. 2013) implemented in LEA R package (Frichot and Francois 2015). Associations 

are shown for variables: (A) Body size (measured as femur length), (B) Partial striped pattern. 

Significant outliers shown in black and insignificant SNPs in grey. X-axis= Loci ID, Y-axis= –

log10 P-value threshold. 
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Figure S8: The P-value distributions of environmental and morphological variables tested in 

LFMM analysis. BIO1= Mean Annual Temperature, BIO18= Precipitation of the warmest 

quarter (mm), FPC= Foliage Projective Cover (%). 
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Chapter 4 Supplementary material: Elevational partitioning in species distribution, 
abundance and body size in Australian alpine grasshoppers (Kosciuscola) 
 
Sonu Yadav, Adam Stow, Rachael Y. Dudaniec 

 
Table S1: Sample site information of K. usitatus with the number of individuals collected. 
 

Latitude Longitude Region Elevation Individuals collected 
-36.50037 148.30493 Thredbo 1413.51 22 
-36.52205 148.26382 Thredbo 1548.53 28 
-36.52415 148.26375 Thredbo 1550.96 10 
-36.52738 148.26712 Thredbo 1599.58 46 
-36.52044 148.26405 Thredbo 1599.71 32 
-36.51909 148.26413 Thredbo 1649.99 5 
-36.49474 148.29539 Thredbo 1671.56 17 
-36.51681 148.2645 Thredbo 1696.61 18 
-36.51267 148.26649 Thredbo 1741.03 17 
-36.51912 148.25587 Thredbo 1746.12 29 
-36.51498 148.25266 Thredbo 1795.61 28 
-36.51041 148.26857 Thredbo 1797.42 16 
-36.49192 148.29214 Thredbo 1801.71 2 
-36.51372 148.25159 Thredbo 1844.74 12 
-36.50668 148.27151 Thredbo 1849.29 7 
-36.49326 148.28958 Thredbo 1868.84 5 
-36.51228 148.25078 Thredbo 1889.57 5 
-36.50432 148.27248 Thredbo 1895.72 13 
-36.50193 148.2729 Thredbo 1937.04 14 
-36.50948 148.25044 Thredbo 1940.47 17 
-36.50848 148.24933 Thredbo 1989.78 3 
-36.37323 148.36711 Guthega 1590.61 30 
-36.38229 148.37073 Guthega 1599.92 16 
-36.38437 148.36865 Guthega 1636.44 3 
-36.37298 148.36568 Guthega 1648.05 28 
-36.38358 148.3727 Guthega 1668.87 11 
-36.37273 148.36449 Guthega 1688.4 11 
-36.38343 148.37384 Guthega 1693.55 13 
-36.37831 148.37944 Guthega 1699.1 4 
-36.37262 148.36298 Guthega 1728.16 23 
-36.38319 148.37537 Guthega 1731.58 8 
-36.36901 148.36368 Guthega 1734.32 10 
-36.36798 148.36267 Guthega 1766.99 21 
-36.3828 148.37755 Guthega 1788.41 2 
-36.3828 148.38217 Guthega 1797.15 2 
-36.37821 148.38403 Guthega 1845.96 18 
-36.38046 148.383 Guthega 1846.76 3 
-36.04676 148.37598 Jagungal 1548.29 6 
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-36.03489 148.37399 Jagungal 1589.09 2 
-36.15094 148.37041 Jagungal 1648.02 13 
-36.14683 148.37373 Jagungal 1681.92 12 
-36.14052 148.38283 Jagungal 1748.78 8 
-36.14643  148.38187  Jagungal  1836.69  2 

 
 
 
Table S2: Sample site information of K. tristis across three mountains. 
 

Latitude Longitude Region Elevation Individuals collected 
-36.50037 148.30493 Thredbo 1413.51 1 
-36.5205 148.26352 Thredbo 1595.92 11 
-36.5205 148.26712 Thredbo 1599.58 4 
-36.52044 148.26405 Thredbo 1599.71 3 
-36.51939 148.2636 Thredbo 1636.23 7 
-36.51909 148.26413 Thredbo 1649.99 7 
-36.51681 148.2645 Thredbo 1696.61 11 
-36.51041 148.26857 Thredbo 1797.42 21 
-36.49192 148.29214 Thredbo 1801.71 4 
-36.50668 148.27151 Thredbo 1849.29 31 
-36.49326 148.28958 Thredbo 1868.84 5 
-36.50432 148.27248 Thredbo 1895.72 41 
-36.50193 148.2729 Thredbo 1937.04 25 
-36.37298 148.36568 Guthega 1648.05 11 
-36.37273 148.36449 Guthega 1688.4 12 
-36.37262 148.36298 Guthega 1728.16 18 
-36.36901 148.36368 Guthega 1734.32 5 
-36.37884 148.38058 Guthega 1743.92 1 
-36.51912 148.25587 Guthega 1746.12 2 
-36.36798 148.36267 Guthega 1766.99 12 
-36.51498 148.25266 Guthega 1795.61 13 
-36.37883 148.38217 Guthega 1797.15 1 
-36.51372 148.25159 Guthega 1844.74 40 
-36.51228 148.25078 Guthega 1889.57 8 
-36.50948 148.25044 Guthega 1940.47 42 
-36.50848 148.24933 Guthega 1989.78 26 
-36.1439 148.38594 Jagungal 1891.22 2 
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Table S3: Sample site information of K. cognatus across three mountains 
 

Latitude Longitude Region Elevation Individuals collected 
-36.50037 148.30493 Thredbo 1413.51 5 
-36.52415 148.26375 Thredbo 1550.96 19 
-36.49474 148.29539 Thredbo 1671.56 7 
-36.38229 148.37073 Guthega 1599.92 2 
-36.38437 148.36865 Guthega 1636.44 4 
-36.37757 148.3781 Guthega 1641.8 26 
-36.37298 148.36568 Guthega 1648.05 4 
36.38358 148.3727 Guthega 1668.87 7 
-36.38343 148.37384 Guthega 1693.55 17 
-36.37831 148.37944 Guthega 1699.1 26 
-36.38319 148.37537 Guthega 1731.58 32 
-36.37884 148.38058 Guthega 1743.92 17 
-36.3828 148.37755 Guthega 1788.41 32 
-36.37883 148.38217 Guthega 1797.15 17 
-36.37821 148.38403 Guthega 1845.96 15 
-36.38046 148.383 Guthega 1846.76 40 
-36.04676 148.37598 Jagungal 1548.29 3 
-36.03489 148.37399 Jagungal 1589.09 15 
-36.15094 148.37041 Jagungal 1648.02 3 
-36.14683 148.37373 Jagungal 1681.92 7 
-36.14052 148.38283 Jagungal 1748.78 7 
-36.14643 148.38187 Jagungal 1836.69 9 
-36.1439 148.38594 Jagungal 1891.22 16 

 
 
 
 
Table S4: Pearson correlation between tested variables. Precipitation = Annual rainfall; 

Temperature = Maximum summer temperature; FPC= Foliage Projective Cover. 

 
 Precipitation Temperature Elevation FPC 
Precipitation 1.00    
Temperature -0.93 1.00   
Elevation 0.91 -0.98 1.00  
FPC -0.07 0.19 -0.25 1.00 
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Table S5: Correlations between the relative abundances (RA) of three species with Foliage 

Projective Cover (FPC %). 

Species RA vs FPC Estimate ± SE Chisq DF P 

K. usitatus 0.22±0.07 
 

2.7 1 0.10 

K. tristis 0.13±0.09 
 

0.05 1 0.80 

K. cognatus 0.27±0.09 
 

4.7 1 0.03 
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Chapter 5 Supplementary material: Selection signatures associate with elevational niche in 
two co-occurring alpine grasshoppers (genus Kosciuscola) 
 
Sonu Yadav, Adam J. Stow, Rachael Y. Dudaniec 

 

Text S1. DArT extraction, SNP calling, filtering and quality check  
 

To call the SNPs, DNA sequences were aligned via BLAST using the Locusta migratoria 

reference. To check for contamination, sequences were also aligned to bacterial and fungal 

genomes (NCBI). Furthermore, to call SNPs all tags from all libraries were included in 

DArTsoft14 proprietary software and were clustered using DArT PL’s C++ algorithm at the 

threshold distance of 3. This was followed by parsing of the clusters into separate SNP loci using 

a range of technical parameters, especially the balance of read counts for the allelic pairs.  

Additional selection criteria were based on analysis of approximately 1,000 controlled cross 

populations. Technical parameters to call true allelic variants from paralogous sequences were 

facilitated by testing for Mendelian distribution of alleles in these populations. In addition 

multiple samples were processed from DNA to allelic calls as technical replicates and scoring 

consistency was used as the main selection criteria for high quality/low error rate markers 

 

DNA extraction was performed using the automated DNA extraction protocol on a 'TECAN 

freedom evo 100' liquid handling robot with a commercially available magnetic bead-based 

DNA extraction kit (Macherey-Nagel). DNA digestion and ligation reactions were performed as 

per Kilian et al. (2012). Digested and ligated samples were amplified for 30 cycles using the 

following PCR conditions: 94°C for 1 min, 94°C for 20 sec, 58°C for 30 sec, 72°C for 45 sec, 

72°C for 7 min. 

 

Proprietary analytical pipelines (DArTsoft14 – DArT’s proprietary software) were used to 

process sequences generated from each lane. After quality filtering, approximately 2,500,000 (± 

7%) sequences per sample were retained. DArT uses a reproducibility score (i.e. the proportion 
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of technical replicate assay pairs for which the marker score is consistent) and polymorphism 

information content (PIC: an index ranging from zero to one and inform allele variations of SNP 

marker) to assess the quality and information content of SNP calls. The threshold for the 

reproducibility score is set to 97%. Further quality control was undertaken by removing any 

bacterial or viral contaminant sequences using alignment to matching sequences within the 

GenBank and DArT databases.  

 

Table S1: Details of outliers detected under selection by BayeScan for both the species. 

K. usitatus 

SNP number Probability qval Fst 

1848 0.98 0.01 0.16 

3679 1.00 0.00 0.23 

4517 1.00 0.00 0.21 

4561 0.97 0.01 0.16 

5373 0.82 0.05 0.15 

K. tristis 

SNP number Probability qval Fst 

3616 0.99 0.01 0.28 

4375 1.00 0.00 0.29 
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Table S2. Variance inflation factor (VIF) of predictor variables used to run RDA and pRDA 

analysis. FPC= Foliage Projective Cover, Precseas= Precipitation seasonality, Rough= Terrain 

roughness, FZ= Number of frost days, BD= soil bulk density, pH= soil pH, FL= femur length.  

Predictor variables VIF K. usitatus VIF K. tristis VIF Common data 
Elevation 1.82 2.23 1.56 

FPC 1.88 3.36 2.15 
Precseas 2.10 4.28 2.61 
Rough 2.45 7.14 3.21 

FZ 2.09 1.91 1.83 
BD 2.06 2.40 1.98 
pH 3.00 2.42 2.45 
FL 1.02 1.11 1.03 

 

Table S3. Details of global RDA, significant axes and pRDA for K. usitatus 

 

 

Table S4. Details of global RDA, axes significance and pRDA for K. tristis 

 Global RDA   
 Df Variance F Pr(>F) R2 

Model 8 0.06 1.65 0.001 0.037 
Residual 126 0.57    

 Three axes     

  Global RDA   
  Df Variance F Pr(>F) R2 
 Model 8 0.05 1.36 0.001 0.021 
 Residual 121 0.56    
  Three axes     
  Df Variance F Pr(>F)  
  1 0.02 3.21 0.001  
  1 0.01 1.26 0.001  
  1 0.01 1.16 0.001  
  Global pRDA   
  Df Variance F Pr(>F) 0.005 
 Model 8 0.04 1.09 0.001  
 Residual 115 0.57    
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 Df Variance F Pr(>F)  
 1 0.03 5.68 0.001  
 1 0.01 1.15 0.001  
 1 0.01 1.13 0.001  
      
 Global pRDA  
 Df Variance F Pr(>F) 0.004 

Model 8 0.04 1.05 0.048   
Residual 89 0.40    

 

Table S5. Details of global RDA, axes significance and pRDA for common data. 

 Global RDA      
 Df Variance F Pr(>F) R2 

Model 8 0.06 2.81 0.001 0.052 
Residual 257 0.68    

 Two axes used for outlier 
detection 

    

 Df Variance F Pr(>F)  
 1 0.04 14.45 0.001  
 1 0.01 3.54 0.198  
      
 Global pRDA     
 Df Variance F Pr(>F) 0.001 

Model 8 0.01 1.05 0.12  
Residual 141 0.26    
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Figure S1: Panel of plots showing the extent of correlation between environmental variables. 

Values represent the Pearson correlation coefficient. Temperature and precipitation are highly 

correlated with elevation. AP = annual rainfall, Tempmtcp = mean temp in coldest period, 

Tempmtwp =mean temp in warmest period, Precipseas =seasonality of rainfall, FPC = Foliage 

Projective Cover, Rough = roughness with 500m kernel, FZ = number of frost (< -2 degree) 

days, BD = soil bulk density 0-200cm, pH = soil ph 0-200cm.  
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Figure S2: Graphs indicating no isolation by distance within regions in both the species. Top two 

graphs in black dots indicate K. usitatus and bottom two graphs in grey dots represent K. tristis. 
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Figure S3. STRUCTURESELECTOR plots showing genetic clustering between two mountain 

regions using Delta K method and four estimators of STRUCTURESELECTOR (A) K. usitatus; 

(B) K. tristis and (C) common data used to test hybridisation between species. 

(A) 

 
Figure S4: Within region admixture analysis on common data using snmf function in LEA R 

package. A) Thredbo and B) Guthega.
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(B) 

 

Figure S5. BayeScan plots showing detection of SNPs under selection (A) K. usitatus indicating 

five outliers under selection, (B) K. tristis showing two outliers under divergent selection. 

 

 
 

Figure S6: Correlation between individual additive polygenic scores and elevation in common 

dataset P=0.0002, Adj. R2= 0.053. The solid line represents regression line from quadratic 

model. Dots represent an individual grasshopper.  
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Figure S7: Correlation between individual additive polygenic scores and elevation in K. tristis 

showing that additive polygenic scores vary differently in the two regions. 
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APPENDIX 1 
 
 

 

Phaulacridium vittatum mating pair photo got featured on the cover of Journal of insect Science 

(Photo: Sonu Yadav) 
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