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Chapter 1: General Introduction 

Mayflies (Ephemeroptera) are insects with a global distribution, only absent from Antarctica. As 

nymphs they live in fresh water, with a brief, non-feeding, phase as winged adults. The Order 

Ephemeroptera is a lineage that goes back over 300 million years with 42 extant families and over 3,000 

living species (Barber-James et al., 2008). Mayflies provide many ecosystem services as they clean 

freshwater, and support many processes such as decomposition, nutrient cycling. Their presence and 

abundance in waterways provide useful indicators of water quality, pollution, and ecosystem health 

(Ogden and Whiting, 2005; Jacobus et al., 2019). Culturally they provide artistic inspiration and have 

festivals dedicated to them reflecting the cyclic and ephemeral nature of their appearance. Mayflies also 

form a valuable human food source in India, Mexico, Malawi, Japan, China, Papua New Guinea, Kenya, 

Tanzania, and Uganda, having one of the highest protein contents of any edible insect (Jocobus et al. 

2019; Zhao et al. 2021). 

New Zealand has 57 endemic species of mayfly including three endemic families (Pohe 2018; Trewick 

et al. 2022). There are high levels of endemism in the whole of the freshwater invertebrate community 

in New Zealand where rivers are often short, steep, and fast flowing due to the country’s current 

mountainous terrain. Disturbances are frequent in New Zealand waterways, reflected in dynamic 

invertebrate community structures (Thompson & Townsend, 2000). Stream invertebrate composition is 

considered a key indicator of anthropogenic land use because of sensitivity to changes in environmental 

attributes including nutrient and sediment loading and temperature (Death and Winterbourn, 1995).  

1.1 Study Species 

The endemic Ichthybotidae are burrowing mayflies, (Hitchings, 2008) with just two endemic New 

Zealand species that are amongst the largest and most colourful mayflies in the country (Hitchings, 

2008; Pohe, 2019). There are two species within the family; Ichthybotus hudsoni, which appears to be 

restricted to the North Island; and Ichthybotus bicolor, restricted to low elevations in the South Island, 

particularly the northwest (Hitchings, 2008; Pohe, 2019). They are semi-aquatic insects, differentiated 

by the subtle colour difference of the wings and geographic separation by Cook Strait (Figure 1.1) 

(Chrisholm, 1984; Pohe, 2019).  
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Figure 1.1. Side-by-side of wing and body colour difference between (a) female imago I. hudsoni, (b) 

male imago I. bicolor. 

1.1.1. Taxonomy  

The most recent description of the taxonomy of the Ichthybotus species’ is as follows (Pohe, 2018): 

Class: Insecta 

   Order: Ephemeroptera  

      Suborder: Furcatergalia  

         Family: Ichthybotidae (Demoulin, 1957)  

            Genus: Ichthybotus 

               Species: Ichthybotus hudsoni and Ichthybotus bicolor 

The species Ichthybotus hudsoni was described by McLachlan in 1894 based on I. hudsoni specimens 

in the Wellington area (McLachlan, 1894). It was initially placed in the northern hemisphere genus with 

other similar burrowing mayflies, but Eaton (1899) established the endemic New Zealand genus 

Ichthybotus for it. In 1923 Tillyard described the second species, I. bicolor, in the Nelson area. The 

treatment of Ichthybotus as two species rests upon a difference in adult wing colouration (Tillyard, 

1923; Chrisholm 1984), specifically the darker hindwings of adult I. bicolor although I. bicolor also 

has noticeably darker colouring overall (Figure 1.1). Some studies suggest that there are differences in 

nymphal habitat, morphology, and size of the two species (Phillips, 1930; Tillyard, 1923), however 

these distinctions remain ambiguous (Chrisholm, 1984). Ichthybotus is currently considered restricted 

to New Zealand (McCafferty, 1973) and though initially assigned to the Ephemeridae family, the 
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morphology of Ichthybotus wings and tusks was considered sufficient to differentiate it from other 

genera and the two species in a family of their own, Ichthybotidae (Demoulin 1975).  

1.1.2. Feeding 

The nymphs of most burrowing mayflies are sediment/deposit feeders with a few being filter feeders. 

Ichthybotus hudsoni was classified by Chrisholm (1984) using Cummins 1973 classification as a fine 

particle detrivore or a collector rather than a true filter feeder. Their diets consist of mostly organic 

detritus (possibly around 85-95%). Their two large mandibular tusks may not have a role in feeding, 

rather burrowing. The gills may also assist in feeding by creating an admittedly weak feeding current 

that directs detritus. Like all mayflies, adult Ichthybotus do not have functional mouthparts. They rely 

on food stored during previous life stages (Sartori & Brittain, 2015). 

1.1.3. Habitat   

Both Ichthybotus species prefer slow moving water and relatively stable substrate for burrowing. They 

also tend to live in undisturbed native forest regions. Ideal habitat is relatively uncommon in New 

Zealand due to relatively high proportions of mountainous terrain (increasing water movement) and 

lowland areas being modified for agriculture, altering substrate, and run off among other factors.  

Ichthybotus can burrow into mud, sand, and gravel substrates however they prefer coarse substrate 

(Chrisholm, 1984). Coarse substrate allows for the flow of oxygen through burrows. During Chisholm’s 

study at Gollans Stream nymphs were only found in coarse substrate. Ichthybotus sensitivity makes 

them good indicators of water quality.  

1.1.4. Life Cycle 

Ichthybotus have a two-to-three-year life cycle (Phillips, 1930; Hopkins, 1976; Chrisholm, 1984). Their 

life cycles appear to be flexible; allowing for faster development where environmental conditions and 

food resources are ideal, and lengthened development where conditions are not ideal (Sartori & Brittain, 

2015). Their lifecycle has three stages: nymph, subimago and adult, with subimago being unique to 

mayflies. The aquatic nymphal life stage is dominant i.e., they spend most of their lives as eggs or 

nymphs (Sartori & Brittain, 2015). They undergo various moults then emerge, transitioning from 

aquatic nymph to terrestrial winged subimago (Chrisholm, 1984). The adult stage lasts anywhere 

between a few hours to weeks, in which mating, and oviposition occurs. Only the subimago and adult 

stage allow for dispersal between water catchments. 

1.2. Climate Change and the history of the Cook Strait  

Spanning from 34°25’S - 47°20’S latitude, the country of New Zealand has varied climatic conditions 

(Wallis & Trewick, 2009). Most invertebrate species are not widespread across New Zealand and there 

is high regional endemicity (Taylor-Smith et al., 2019). Climate is one important factor in determining 
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current species distributions. The effects of past climate change will offer insight into how species might 

respond to ongoing climate change (Dawson et al, 2011). Many species experience range shifts because 

of changing climate, which is expected to increase with continuing climate change (Chen et al., 2011; 

Garcia et al 2014). Glacial cycles have significant effects on the distribution of species, with the Last 

Glacial Maximum (LGM) occurring around 20,000 – years ago during the last phase of the Pleistocene 

epoch (Suggate & Almond, 2005; Trewick et al., 2011). The LGM caused glaciation in the western 

South Island, covering 30% of the island and lowering sea levels (Suggate & Almond, 2005; Wallis and 

Trewick, 2009). The glaciers in the South Island had nunataks and valleys that remained unglaciated, 

which could have served as fragmented refugia (Wallis & Trewick, 2009). During the glacial cycles 

forest cover is likely to have been reduced to coastal and warmer northern part of New Zealand 

(Newnham et al. 2013). Meanwhile, Cook Strait was bridged from south Taranaki to northwest Nelson 

(Hitchings, 2008; Trewick & Bland, 2012). The strait was reformed as glaciation ended (~21,000) and 

the sea level rose, becoming a marine-barrier to dispersal of terrestrial population. This led to the 

separation of populations of some species, i.e., the separation of northern and southern weka lineages 

(Trewick et al., 2017), while other taxa show little or no divergence concordant with the strait 

(Dumbleton, 1970, Pohe 2019). Chrisholm (1984) suggests that the land bridges that formed between 

the islands during the Pleistocene ice ages may not have been suitable to the Ichthybotus species. i.e., 

streams on the bridge did not provide the gravel bottom the nymphs need or forest was too open. 

Therefore, the two Ichthybotus species may have been separated since before the Pleistocene and never 

reconnected during the land bridges, or they were connected but separated by the most recent separation. 

1.3. Significance 

The lack of distribution and ecological knowledge are some of the biggest gaps to freshwater 

invertebrate conservation and management (Drinan et al., 2020). The response of aquatic invertebrates 

to past and ongoing climate change is poorly understood (Drinan et al., 2020). Current species 

distributions will reflect past geological and climatic history, and the present-day habitat (Pohe, 2019). 

Being able to infer and model how future climate change will impact freshwater invertebrates could 

help us mitigate biodiversity loss. 

1.4. Outline 

I examine the spatial structure of these two endemic species of burrowing mayfly, Ichthybotus hudsoni 

and Ichthybotus bicolor, to explore the influence of climate and geography on their current and past 

distributions in New Zealand. In Chapter 2, I use an ecological niche modelling approach to determine 

whether climatic variables can be used to explain the current distribution of these two species. 

Ecological niche models will be projected onto the inferred climatic conditions of the last glacial 

maximum of the Pleistocene to estimate the past distribution of the two species. This was a time when 
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the two main islands of New Zealand were connected the two mayfly species may have been in contact 

with one another. Then in Chapter 3 I use mtDNA variation phylogeographic analysis to determine 

whether the two species are genetically distinct lineages. Patterns of variation within widespread species 

can provide evidence of population history that might reflect changes in potential habitat such as forest 

cover since the last glacial maximum. If I detect higher genetic diversity at lower latitudes of this 

mayfly’s range compared to most of its distribution this would suggest southward range expansion 

during the current post glacial period. Finally, Chapter 4 is a general discussion of the results of both 

chapters 2 and 3. 
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Chapter 2: Environmental envelope modelling of two burrowing 

mayflies during current and LGM climates 

2.1. Introduction 

2.1.1. Niche Concepts 

Niche can be defined as the sum of the environmental characters that determine the position of an 

organism in its ecosystem and is usually considered a characteristic of a species. Niche includes all the 

conditions and factors required for population growth rate to be positive. The idea of an ecological niche 

has developed since its origins (Grinnell, 1917a; Grinnell, 1917b) which focused on abiotic factors of 

population growth, and eventually begun to include biotic factors, before being defined as a 

geographical combination of the two: an n-dimensional hypervolume defined by environmental and 

resource requirements (Hutchinson 1957, Silvertown 2004). The niche exists within the intersection of 

the realised environmental space and the species fundamental niche (Jackson & Overpeck 2000). The 

fundamental niche is the environmental conditions that ensure a positive population growth, excluding 

biotic factors (Pearman et al. 2007). This intersection is the potential niche space, which is restricted 

once biotic factors are considered. This is called the realised niche; the area within the fundamental 

niche that ensures a positive population growth rate, given the impact of biotic interactions (e.g., 

competition) (Jackson & Overpeck 2000; Silvertown 2004, Pearman et al. 2007). A recent concept is 

how species can also modify their environment to improve their niche, coined niche construction 

(Olding-Smee et al. 2003; Kylafis & Loreau, 2011). Changes to climate variables changes the 

conditions of the realised environmental space. Niche also considers the role that a species plays in its 

community by occupying a space and utilizing resources. The Grinnellian and Soberon and Peterson 

concepts of niche align best with the aims of this chapter. Both focus on the impact of large spatial scale 

environmental and climatic factors (Sales et al. 2021, Stevens et al. 2021). Soberon and Peterson explore 

distribution geographically across grid cells each with ‘n’ environmental features (Pulliam 2000, Sales 

et al. 2021). 

2.1.2. Ecological Niche Models  

Ecological Niche Models (ENMs), or species distribution models, are statistical tools for predicting the 

potential niche space that species can occupy across space and time (Pearson & Dawson 2003; Pearman 

et al. 2007; Phillips & Dudik 2008; Thuiller 2003; Elith & Leathwick. 2009; Valencia-Rodriguez at al 

2021). With the increase in modelling software and accessible climate variables ENMs have become 

more popular in distributional ecology literature. They are correlative models which can use the known 

distribution of a species occurrences and environmental variables to determine which variables are 

potentially limiting their distribution. These models can also provide insight into range shifts or species 
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distribution overlap. Individual methods of ENMs can be combined to run ensemble models. A recent 

development, these models are more accurate and have high predictive ability (Araujo & New 2006a).  

Ecological Niche Models have been used in many fields to predict occurrence, range shifts, genetic 

structure and understand biotic interactions. For example, prioritising and informing conservation 

efforts (Taubmann et al. 2010). Comparing realised ranges to potential ranges can show potential areas 

of expansion, or competition (Bulgarella et al. 2013). The accessibility of environmental databases such 

as WorldClim (Global climate data) (Hijmans et al. 2005) has also contributed to models that examine 

the effects of past and future climate projections. Models of the present can be applied to these time 

periods to infer how distributions have changed given the same niche requirements (Taubmann et al. 

2010). They have been useful in many different fields, including terrestrial, aquatic, and marine studies. 

ENM approach differs depending on the field largely due to differences in dispersal ability (Elith & 

Leathwick, 2009).  

2.1.4. Modelling Aquatic Taxa 

ENMs have been utilised less for aquatic habitats, compared to terrestrial environments but their 

application has increased since the early 2000s (Elith & Leathwick, 2009). This is likely due to the 

challenges associated with collecting occurrence data for species of interest. Local properties of aquatic 

systems such as depth, flow rate, temperature, substrate (hydrological variables) are important aspects 

of niche, just as slope, aspect, soil type for terrestrial organisms (Carmelet-Rescan et al, 2021), however, 

broad climatic data provide valuable proxies for regional conditions. As such climate-based models can 

reflect local conditions that are not directly measured and provide a window on the impact of large-

scale shifts in conditions.    

For example, Taubmann et al. (2011) applied MAXENT ENM as part of their study of the European 

range of the mayfly Ameletus opinatus. They aimed to identify areas of suitable long-term habitat and 

genetic diversity. Their models scored very highly in terms of predictive accuracy and were used to 

demonstrate decreasing suitable habitat extent. Domisch et al. (2013) used a Biomod ensemble model 

to predict the distribution of 191 stream macroinvertebrates under two climate change scenarios. They 

found that freshwater organisms are sensitive to climate change effects, particularly if they are cold 

adapted. Analysis of the Pleistocene history of a semi-aquatic invertebrate in China showed an 

expansion of the cold adapted species during the LGM (Ye et al. 2014). This conclusion was supported 

by phylogeographic analysis. The effectiveness of ENMs for freshwater species was by Valencia-

Rodriguez et al. (2021) by modelling the distribution of the freshwater fish Bycon henni, which is 

endemic to the Colombian Andes. They included climate and hydrological variables and concluded that 

ENMs can be useful for assessing freshwater distributions. (Valencia-Rodriquez et al., 2021).  
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2.1.5. Chapter Aims 

1. Determine whether the distributions of freshwater insects in New Zealand can be modelled 

using basic climatic variables such as temperature and rainfall.  

2. If ENM are plausible, do climate variables explain the lack of overlap between the two species 

of burrowing mayfly in New Zealand? 

3. Project ecological niche models based on current distribution to estimate potential distribution 

during Last Glacial Maximum. This will help determine how climate has impacted their 

distribution (i.e., ranges shifts, contractions, expansion) and identify any potential refuges 

during the LGM. 

2.2. Niche Modelling Methods 

2.2.1. Collection of Ichthybotus location records (Response Variable) 

Data on the current distribution (presence and absence) of two Ichthybotus species was collected from 

their full range by taxonomist Dr. Stephen Pohe, and me (Pohe, 2018; Pohe 2019). Sites were included 

from iNaturalist sightings after identifications were verified; crucial for “gold standard” modelling 

(Zurell et al. 2020).  A nationwide survey was carried out across New Zealand’s three largest islands. 

The initial survey (carried out by Pohe) intended to sample all New Zealand’s mayfly species, therefore 

includes sites where Ichthybotus was absent, allowing true absences to be used in the niche modelling.  

Minimum distance between sites was 1km. Sampling bias was reduced by using methods and locations 

to ensure a wide range of New Zealand mayflies were caught rather than focusing on assumed 

Ichtybotus spp habitat. The use of seven latitudinal zones across the country ensured Pohe’s 83 sampling 

locations were distributed evenly over New Zealand and not concentrated around easy access points 

(Figure 2.1 and 2.2).  Ensuring that sampling covers the full species range and is not biased is important 

for modelling realized niche (Zurell et al. 2020). Zones contained locations, which each contained three 

sites i.e., nested stratified sampling (Zone/Region > Location > Site). 

Ichthybotus hudsoni was found in 12 North Island locations (n = 67), Ichthybotus bicolor in 10 South 

Island locations (n = 18) (Supplementary Table 2.1). Specimens were collected between 2013 and 2021 

(Pohe) and 2021-22 (me). GPS co-ordinates were recorded at each location. The final number of 

locations was 114, with 164 sites (Supplementary Table 2.1). Nymphs were sampled by kick sampling 

in streams, disturbing the sediment under displaced rocks, and catching specimens in a net held 

downstream. Adults were sampled with a light trap at night (Pohe, 2017). Ichthybotus specimens were 

identified on a white tray using unique physical traits (jaws of nymphs and wings of adults) and were 

transferred to 99% ethanol for later DNA extraction and sequencing (Chapter 3). Correct identification, 

and identification by multiple means, are crucial to achieve the gold standard methodology for SDM’s 

(Araujo et al. 2019). Genetic sequencing also helped to confirm identification and reduce the risk of 
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misidentification (Zurell et al. 2020). Thirty-two presence locations were included from iNaturalist 

records (2013-2022) (Supplementary Table 2.1). 

Presence/absence tables were constructed for each species. Real absence data were stream sites Pohe 

surveyed and collected mayflies but did not find Ichthybotus specimens (hudsoni n = 97, bicolor n = 

146) therefore I did not need to use pseudo-absences, thus eliminating unreasonable occurrence records 

(Araujo et al. 2019). Site coordinates were cut off after the 2nd decimal point to match the scale of the 

climate data, and all replicates were removed (Sillero & Barbosa, 2021). Data was imported into R as a 

table of corresponding site latitudes and longitudes with 1s and 0s representing the presence or absence 

of either species. To understand how the current distribution of these two Ichthybotus species relates to 

climate the two species were modelled separately. Understanding the potential of climate to be limiting 

their current distribution within NZ is essential for projecting ecological niche on to past climate 

models. Coordinates were changed into spatial points data frame class to allow the extraction of 

predictive data for each site.  Stream sites with Ichthybotus bicolor were used as “absence” locations 

for Ichthybotus hudsoni and vice versa.  

 

Figure 2.1. Sampling locations across ‘Crosby’ entomological regions of Aotearoa New Zealand 

(Crosby et al 1998) used for ecological niche modelling of two endemic species of burrowing mayfly 

(Ichthybotus) 



  17 

This study has a nested purpose i.e., explaining the current distribution and determining how it relates 

to climate, mapping the potential distribution within NZ at the current time, and transferring/predicting 

past distributions. Accounting for the fact that transfer should not be attempted without thorough 

understanding of the model (Araujo et al. 2019; Zurell et al. 2020). (i.e., understanding of the past 

distribution necessitates understanding of how climate currently affects Ichthybotus). 

2.2.2. Climate variable layers (Predictor Variables) 

Model predictor variables consisted of 19 bioclimatic variables (Supplementary Table 2.2), obtained 

from the WorldClim website (https://www.worldclim.org/, accessed 18/03/21). These variables are 

derived from rainfall and temperature measurements to create variables applicable to biological 

modelling (Hijmans et al., 2005). I accessed ‘current’ data (data averaged over 1960-1990) and data 

modelled for the climate during the last glacial maximum (LGM) at a resolution of 2.5 arc minutes. The 

variables were all stacked, cropped to the extent of New Zealand, and formatted as a raster data set. I 

used the ‘usdm’ package variance inflation factor (VIF) analysis to reduce multicollinearity between 

the ‘current’ variables (‘VIF’ R package, VifCor function).  This is a stepwise process which calculates 

the VIF and excludes highly collinear variables (in pairs of collinear variables one is removed). I 

excluded all variables with a VIF higher than 10 (Supplementary Table 2.2, Table 2.1). This increases 

parsimony and minimises over-fitting during the modelling process (i.e., increases simplicity and 

applicability beyond the data; Fletcher et al. 2016). Models have been shown to perform better with 

species-specific non-redundant predictor sets (Cengic et al. 2020). In this case the correlation threshold 

was set to 0.85, 1 being highly correlated. Bioclimatic variables are correlated due to trends in climate, 

so the elimination of all collinearity is not possible, and the goal is reduction only. After this process 

the 19 variables were reduced to a subset of eight bioclimatic for further analysis (Table 2.1). I 

considered variable importance to check for “biological plausibility” (Zurell et al. 2020).      

Table 2.1. Variance inflation factor for the bioclimatic variables retained in ecological niche models of 

two species of New Zealand burrowing mayfly Ichthybotus.      

Variable Description VIF 

Bio 18 Precipitation of the warmest quarter 6.213425 

Bio 19 Precipitation of the coldest quarter 5.647249 

Bio 3 Isothermality (Bio2/Bio7)  1.558058 

Bio 4 Temperature seasonality (standard deviation *100 2.086173 

Bio 5 Max temperature of warmest month 4.464746 

Bio 8 Mean temperature of wettest quarter 2.259656 

Bio 9 Mean Temperature of Driest Quarter 8.200605 

Bio 15 Precipitation seasonality (Coefficient of Variation)  1.340981 

 

about:blank
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Model Assumptions: In applying ecological niche models using distribution data I am assuming there 

is an equilibrium between the species range and environmental variation such as the two mayflies fill 

their niche and do not occur elsewhere. I assume no observation bias issues and independence of species 

observations whereby each species record represents new information. Ecological niche models will 

only be biologically meaningful if important predictors of distribution are included in the model. I am 

assuming that key explanatory variables are included and climate variables are free of error.  

2.2.3. Ecological niche model building 

The R package ‘biomod2’ version 3.5.1 (Thuiller et al., 2009) was used to model the environmental 

niche of I. bicolor and I. hudsoni separately. Biomod uses an ensemble model, which generates 

consensus distributions based on individual model projections. This lessens the effects of different 

model discrepancies and has been shown to give more robust estimates than individual models (Araujo 

and New, 2006a; Beaumont et al., 2016; Cengic et al. 2020), i.e., better separation of signal and noise 

(Araujo and New 2006, Dormann et al. 2018, Hoa et al. 2018).  Six modelling classes were used to 

analyse the presence/absence data against the nine remaining ‘current’ climate variables: Generalized 

Linear Model (GLM), Generalised Boosting Model/Boosted Regression Tree (GBM), Generalised 

Additive Model (GAM), Classification Tree Analysis (CTA), Artificial Neural Network (ANN), and 

Random Forest (RF). Descriptions of each model are explained in Diniz-Filho et al. (2009). Modelling 

parameters were kept at the default values. Eighty per cent of the input data were used to calibrate the 

models, with the remaining 20% used to test them. The ‘Prevalence’ parameter was set at 0.5, allowing 

absences and presences to be weighted equally and VarImport was set to 3, allowing three permutations 

to estimate variable importance. Calibration and evaluation of each statistical model was repeated five 

times. Model accuracy was evaluated using the True Skill Statistic (TSS) and Receiver Operating 

Characteristic (ROC), due to their suitability for species distribution modelling (Allouche et al. 2006) 

2.3. Results 

Location records were used as true presence and absence points for ecological niche modelling. The 

Ichthybotus hudsoni dataset has 64 presences (all in North Island) and 96 true absences. The I. bicolor 

dataset has 17 presences (all in South Island) and 143 true absences.  

2.3.1. Model Evaluation 

A high variance inflation factor (VIF) shows that a variable is highly collinear with other variables in 

the model. A VIF of 10 is highly correlated, hence all twelve variables with a VIF above 10 were 

excluded (Cheng et al 2022). Eight climate variables were used in this ensemble model (Table 2.1). 

There is collinearity between all variables which is to be expected when they are all bioclimatic 

variables.  
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Figure 2.2.  Presence/absence (left) Ichthybotus hudsoni and (right) I. bicolor at each of 114 locations surveyed for mayflies throughout New Zealand. Darker 

dots represent presence, lighter represent absence. Lines indicate recognised freshwater management regions.
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Table 2.2. Ecological Niche model fit statistics for the New Zealand mayflies, Ichthybotus hudsoni and I. bicolor. Upper: True Skill Statistic (TSS) for each 

mayfly species and model (GLM, GBM, GAM, CTA, ANN, RF) included in ensemble model, across 5 runs with the mean of the 5 runs. Lower: Relative 

Operating Characteristic (ROC) for each mayfly species and model (GLM, GBM, GAM, CTA, ANN, RF) included in the ensemble model, across 5 runs with 

the mean of the 5 runs. Dark blue shows model runs that are excellent or with high accuracy (0.8–1), light blue is good accuracy (0.6–0.8), and unshaded is 

failed to model accurately (0–0.6) (Thuiller et al. 2009, ModOperating Manual for Biomod). 

Model Ichthybotus bicolor  Ichthybotus hudsoni  

 1 2 3 4 5 Mean 1 2 3 4 5 Mean 

GLM 0.578 0.578 0.621 0.517 0.793 0.6174 0.895 0.684 0.632 0.737 0.632 0.716 

GBM 0.931 0.655 0.862 0.655 0.793 0.7792 0.895 0.713 0.607 0.684 0.713 0.7224 

GAM 0.655 0.362 0.862 0.147 0.578 0.5208 0.842 0.684 0.632 0.737 0.737 0.7264 

CTA 0.276 0.612 0.681 0.362 0 0.3862 0.664 0.53 0.502 0.429 0.664 0.5578 

ANN 0.69 0.655 0.517 0.293 0.517 0.5344 0.842 0.713 0.526 0.741 0.66 0.6964 

RF 0.75 1 0.621 0.552 0.724 0.7294 0.818 0.713 0.555 0.741 0.66 0.6974 

GLM 0.776 0.776 0.81 0.733 0.862 0.7914 0.96 0.866 0.777 0.895 0.83 0.8656 

GBM 0.974 0.879 0.931 0.802 0.905 0.8982 0.935 0.879 0.769 0.879 0.864 0.8652 

GAM 0.836 0.629 0.94 0.547 0.78 0.7464 0.939 0.868 0.773 0.895 0.848 0.8646 

CTA 0.638 0.802 0.858 0.647 0.362 0.6614 0.783 0.816 0.755 0.704 0.862 0.784 

ANN 0.802 0.828 0.75 0.504 0.776 0.732 0.911 0.885 0.787 0.903 0.798 0.8568 

RF 0.922 1 0.862 0.793 0.853 0.886 0.919 0.891 0.757 0.895 0.852 0.8628 
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The true skill statistic and relative operating characteristics evaluation scores assess how well various 

models fit the data for Ichthybotus, and how accurately the models would predict a presence or absence 

correctly. The true skill statistic (TSS) which is sensitivity + specificity -1 (Allouche et al. 2006). It can 

rage from -1 to 1, with numbers closer to 1 means that the model is good at distinguishing presence and 

absence. It also indicates a good balance between sensitivity and specificity. Focusing on TSS is, 

recommended by Allouche et al. (2006). Shading shows predictive accuracy. Dark blue shows model 

runs that are excellent or with high accuracy (0.8-1), light blue is good accuracy (0.6-0.8), and unshaded 

is failed to model accurately (0-0.6) (Table 2.2) (Thuiller et al. 2009, ModOperating Manual for 

Biomod). Evaluation scores for individual models indicated good performance as indicated by relative 

operating characteristics (ROC) showing the relationship between sensitivity and specificity (Figure. 

2.3). The common summary statistic for plot interpretation is AUC or the ROC area under the curve. 

Like TSS, the higher the ROC the better the model (Fawcett, 2006). Both species tend to score higher 

in ROC than TSS. I. bicolor models scored well in both TSS and ROC (most above 0.6 TS and 0.75 

ROC), as shown by Figure 2.3. I. hudsoni also had high scores (above 0.65 for TSS and 0.85 for ROC) 

for all models except CTA. CTA scored the lowest for both metrics, however there was no outlying 

model scores. Aside from CTA, I. hudsoni scores were more clustered, therefore consistent across 

models. 

Figure 2.3. Mean (dot) and standard deviations (lines) of TSS vs ROC scores of models included in the 

Ichthybotus hudsoni (left) and I. bicolor (right) ensemble models, Biomod2. Legend reads (top down) 

ANN, CTA, GAM, GBM, GLM, RF. Left: y axis (TSS) 0.5-0.8, x axis (ROC) 0.75-0.9. Right: y axis 

(TSS) 0.25-0.75, x axis (ROC) 0.5-0.9. 
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2.3.2. Predictor Variable Importance 

   

Figure 2.4. Ranked means (circles) with standard deviations of variable importance scores for 

Ichthybotus hudsoni (left) and I. bicolor (right) biomod2 ensemble models for the variables included in 

the model based on VIF scores. Left x axis labels read (left to right): bio_5, bio_4, bio_9, bio_19, bio_8, 

bio_18, bio_15, bio_3. Right x axis labels read (left to right): bio_4, bio_5, bio_9, bio_18, bio_19, 

bio_3, bio_15, bio_8. 

There is a varied effect of a given predictor variable on the likelihood of presence (Figure 2.4). All I. 

hudsoni variables scored between 0 and 0.4 i.e., they were of low to moderate importance individually. 

There is no significant difference between the importance scores, though there are three stepped groups. 

The three most important appear to be bio5, bio9 and bio4, with bio3 and bio15 being the least important 

with low standard deviations. As the importance score increased, the standard deviation also seems to 

increase, meaning the average importance of these variables is less certain. The scores of I. bicolor were 

all between around 0.1 to 0.5, also all low to moderate importance individually. Both species had a 

similar order of importance. Bio4, bio5 and bio9 were the three most important (switched order), 

followed by bio18 and bio19 (switched), then bio8, bio15 and bio3 (switched) being the least important 

to both. All variables scored more important to distribution for I. bicolor.  

The predictive ability of the final ensemble models was assessed using weighted means (EMmw) and 

comparing binary model predictions to the data’s original species occurrences (Table 2.3). Both models 

showed high predictability, with both TSS above 0.84 and ROC above 0.97. Sensitivity, which is the 

percentage of presences correctly predicted, and specificity, the percentage of absences correctly 

predicted, were also high, above 91% and 93%. The cut off score is the value that maximises the 

sensitivity and specificity of the model. Areas on a map with values above the cut-off are classed 

presences in an optimised model. 
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Table 2.3. Ensemble model evaluation statistics: the testing score, the threshold (for transforming 

continuous likelihoods into binary data with an optimised score) i.e., cut-off score, sensitivity (% of 

presences correctly predicted) and specificity (% absences correctly predicted). 

Species Evaluation Method Testing Cut-off Sensitivity Specificity 

I. bicolor TSS 0.986 490.5 100 98.63 

 ROC 0.998 490.5 100 98.63 

I. hudsoni TSS 0.849 515.5 91.045 93.814 

 ROC 0.971 516.5 91.045 93.814 

 

2.3.2. Current Ecological Models 

The current predicted distribution (potential niche space) of I. hudsoni covers most of North Island and 

some regions in northern South Island (Figure 2.5). The highest probability of suitable habitat is in 

northland and coastal northern North Island, including islands around Auckland. Climate is less likely 

to be suitable inland likely due to higher elevation near Taupo, and expanding north and south along 

the Kaimanawa, Ruahine and Tararua ranges. There is some suitable climate in the northern tip of the 

South Island, however they have not been observed there in reality. Based on climatic variables, the 

potential niche space for I. bicolor is predicted to stretch most of the length of the east coast of South 

Island, and include some suitable habitat scattered across the North Island, predominantly in the 

southern North Island (Figure 2.5). There does not appear the be suitable habitat inland at higher 

elevations in the southern alps, or along the west coast of the South Island. Potential suitable habitat of 

I. bicolor inferred in northern South Island and in the Manawatu overlaps the predicted and realised 

distribution of I. hudsoni. Both species are predicted to have potential niche space on the coasts or 

lowland areas, with mountainous/steep terrain further inland unsuitable. 

2.3.3. Past Ecological Model 

Projecting ecological niche models, based on current distributions of these two mayfly species, onto 

models of past climate, suggest that areas of suitable climate for both species would have been 

widespread in New Zealand during the last LGM. Ichthybotus hudsoni may have had suitable habitat 

that was less fragmented and more widespread during the LGM than today. Given the cut-off of 

515.5/516.5 for I. hudsoni the model suggests that potential niche existed country wide, particularly 

around the northwest coastal regions, and the southern tip of New Zealand. Suitable conditions for I. 

bicolor may not have existed during the LGM according to the ensemble model with maximised 

sensitivity and specificity (with a cut-off of 490.5). If I. bicolor was present during the LGM the most 

suitable climate would be along the east coast of the South Island and in the Whanganui basin. However, 

this is not predicted to be likely according to the model.
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Figure 2.5. New Zealand, showing the predicted current distribution of Ichthybotus hudsoni (left) and I. bicolor (right), using biomod2 ensemble models. The 

axes show latitude (horizontal) and longitude (vertical). The colour gradient shows the model score as a representation of the probability of presence, ranging 

from lower (light) to higher (dark) likelihood. The cut-off score for I. hudsoni is 515.5/516.5, and the cut-off score for I. bicolor is 490.5. Both scores sit near 

the centre of the scale, therefore mid to dark tones indicate predicted presences.
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Figure 2.6. New Zealand, showing the predicted LGM distribution of Ichthybotus hudsoni (left) and I. bicolor (right), using biomod2 ensemble models. The 

axes show latitude (horizontal) and longitude (vertical). The colour gradient shows the model score as a representation of the probability of presence, ranging 

from lower (light) to higher (dark) likelihood. The cut-off score for I. hudsoni is 515.5/516.5, which sits close to the centre of the scale. Therefore, the two 

darker blue tones indicate predicted presences. The cut-off score for I. bicolor is 490.5, which is beyond the scale therefore all shades indicate predicted absences. 
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2.4. Discussion  

2.4.1. Ecological Niche Modelling Predictive Accuracy 

Individual models: Distribution data for both mayfly species included true absences which adds to the 

predictive accuracy of the model compared to the use of pseudo absences (Chefoaui & Lobo 2008). 

However, it is recommended that >30 presence locations (sample size; occurrences) be used, as model 

accuracy decreases with too few (Breiner et al. 2015, Hernandez et al. 2006, Stockwell & Peterson 

2002, Wisz et al. 2008). The smaller dataset for I. bicolor probably explains the lower individual model 

evaluation scores compared to I. hudsoni. With only 17 locations where I. bicolor was found, each 

presence point is likely to have a significant effect on the model of this species’ ecological niche model. 

These models, dependent on the quality and quantity of data, may be improved with additional sampling 

of I. bicolor specimens. Ensemble models scored better than individual models, as expected (Araujo & 

New 2006a, Breiner et al. 2015, Marmion et al. 2009). Surprisingly, the I. bicolor ensemble model had 

higher TSS and ROC scores than I. hudsoni, in contrast to individual models. This has occurred in 

previous studies; smaller range size or less prevalent species data yields higher scoring and more robust 

models (Allouche et al., 2006, Segurado & Araujo, 2004, Bouska et al. 2015, Koot et al. 2022). Lower 

scores for widespread species may reflect high environmental variance among locations (Koot et al. 

2022). In other studies, sample size had no, or inconsistent impacts, on model receiver operating 

characteristic (ROC), often called AUC (area under the curve) scores (a statistic used widely to estimate 

predictive accuracy of presence-absence SDM’s) (McPherson et al., 2004; Elith et al. 2006, Franklin, 

2010, Bouska et al. 2015). However, AUC scores are independent of the prevalence of presence/absence 

points. Rare and specialist species can have a more predicable distribution leading to more robust 

models (Elith et al. 2006, Bouska et al. 2015). With I. bicolor as it is uncertain if the smaller sample 

size is due to specialised habitat or if it was found at fewer sites because of low abundance. Fewer 

records from iNaturalist could be due to both fewer humans in South Island and fewer streams with 

suitable substrate (Elith et al. 2006). 

Sensitivity and specificity: Models for both species were able to distinguish between presence and 

absence points. Both had better sensitivity than specificity, i.e., were better at predicting presences 

correctly as opposed to absences (sensitivity being the chance true presences are included, specificity 

the chance that true absences are excluded from the predicted distribution). Both metrics were higher 

for I. bicolor perhaps due to that fact that there were fewer presence points to include. Models for 

Ichthybotus hudsoni had lower sensitivity reflecting previous studies that demonstrate the more 

common species generate models with more false positives (Syphard & Franklin, 2010). However, the 

study by Syphard & Franklin (2010) also resulted in uncommon species with more false negatives, 

which was not the case for this study of Ichthybotus. A small dataset can yield useful and interesting 
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results (Pearson et al., 2006) by predicting the environmental conditions that the species can occur, i.e., 

this would be useful for targeting areas for future sampling (Pearson et al. 2006).  

2.4.2. Current Climate Projections 

The current distribution of the two species of Ichthybotus mayfly matched the ecological niche space 

predicted by the ENMs relatively well. Both species appear to have available habitat in southern North 

Island and northern South Island, however we know from collection data they do not occur there i.e., 

each species is restricted to one island with no cross over. There seem to be gaps around areas of higher 

elevation, likely due to harsher climates. The mismatch between the current distribution of these mayfly 

species and their predicted niche under current conditions indicates that variables not included in these 

models are also limiting their distribution. This could involve abiotic variables not included in the 

analysis (e.g., stream speed and substrate), or biological interactions such as competition, predation, 

disease and/or parasitism. For instance, there are lots of areas included in the predicted niche where we 

can be confident, they are not found such as alpine areas. This is due to the difference in environmental 

space and geographic space. The models are based on environmental predictors, meaning they build a 

picture of the environmental space that a species can inhabit. The geographical space will include the 

2d map coordinates and elevation data, which will also impact distribution but are not included; 

“ignorant of geographic proximity even when predictions are mapped into geographic space” (Elith & 

Leathwick, 2009). Ichthybotus hudsoni may be more suited to the climate in the North Island which 

excludes it from much of the South Island save for some small areas around the northern South Island. 

This is where competition between the two species may occur if these were realised niches. The niche 

predictions also assume that the species can disperse there, but with the presence of Cook Strait means 

this is likely not the case, i.e., biotic error (Pearson et al., 2006). 

2.4.3. Last Glacial Maximum Projections  

During the LGM New Zealand was a single land mass rather than two islands. Ecological niche 

modelling projected on to past climate unexpectedly indicates that the climatic envelope for I. hudsoni 

was more extensive and contiguous during the LGM. I. hudsoni was predicted to have a country wide 

distribution, unlike its observed current distribution. The climatic envelope has become more restricted 

to mostly the North Island. North/South distributions are not uncommon amongst birds such as whio 

and weka (Trewick et al. 2017) despite the land connection only 20,000 years ago. The predicted past 

distribution for I. bicolor appears to be the opposite, with no habitat present during the LGM. The most 

likely areas I. bicolor could have inhabited were along the east coast of the South Island and Whanganui 

Basin, which does roughly line up with the current distribution. The LGM suggested distributions imply 

that no shared niche space existed due to the lack of I.bicolor habitat. It could be suggested that the I. 

hudsoni distribution may represent the country wide distribution of a single species before the two 

lineages/species diverged. It is interesting to note that glaciation would have affected distribution 
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(Carmelet-Rescan 2021), which is not explicitly account for and does not appear to be completely 

excluded from potential niche in the LGM (though the Otago area is predicted to be the least suitable 

niche for I hudsoni in the LGM).  

2.4.4. Climate variables as predictors and ‘biotic errors’ (Pearson et al., 2006) 

It is important to acknowledge that modelling provides us with only a potential niche. Results may 

differ with sample size, and models are inherently inaccurate but useful nonetheless (Jimenez-

Valvaerde et al. 2008). The distribution of the two Ichthybotus species studied here appeared to be 

affected by different climate variables, suggesting that they may have different ideal climates (different 

sensitivities). This could partially explain the distribution of one species confined to South Island and 

one species confined to North Island New Zealand. Alternatively, it is possible that their difference 

distributions have resulted in models that infer distinct environmental envelopes for each species. Their 

distinctive distributions could be due to processes that are not driven by selection from the climate, such 

as allopatric speciation, and/or competitive exclusion. For I. hudsoni the one variable that was 

significantly more important than the others was maximum summer temperature suggesting that this 

mayfly might be limited by extreme temperatures. As seen for alpine grasshopper species in New 

Zealand (Koot et al. 2022), I. bicolor had multiple variables that were of similar importance. 

Species distribution models work on the assumption that the system is in equilibrium, which is often 

not the case, particularly in freshwater systems which follow a dynamic equilibrium model with 

biodiversity constantly changing with waves of recolonisation (Death 2002, Bouska et al. 2015). In 

freshwater species disturbances, such as floods and drought, are important determinants of community 

structure (Death 2002, Death 2003, Dodds et al. 2004, Resh et al. 1988, Lepori & Hjerdt, 2006). 

Freshwater ecosystems are often recovering from disturbances which are not considered in ecological 

niche models. (Bouska et al. 2015). Species distribution models typically require the assumption that 

realized distribution encompasses most of the potential habitat, but more complex models can be built 

to capture occurrence dynamics, including spatial dependence, therefore relaxing the species–

environment equilibrium assumption (Zurell et al. 2020). Other factors affecting freshwater biodiversity 

include habitat structure (i.e., substrate), water quality and land use (Ormerod et al. 2010, Daufresne et 

al. 2007). Biotic interactions (i.e., food resources, predation, competition, disease, and parasitism), 

dispersal, phenotypic plasticity and evolution are assumed to have no effect on distribution, however 

we know they are limiting to distribution (Heikkinen et al. 2006, Lavergne et al. 2010). For example, 

predicting the distribution of two New Zealand wētā species relies heavily on understanding how they 

compete and displace each other (Bulgarella et al. 2013). Inclusion of biotic factors would improve 

model fit and accuracy, however they are difficult to account for (Pearson et al. 2006, Moilanen et al. 

2008, Morin & Thuiller 2009, Boulangeat et al. 2012). Climate variables may be too coarse to account 

for floods, droughts or other stochastic events that will drastically affect community structure 
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(Daufresne et al. 2007). Can be tricky to account for interactions between climate variables and how 

their effects could change (Guisan et al. 2006). Climate variables such as precipitation and air 

temperature are important to freshwater invertebrates, and act as useful proxies for stream conditions, 

i.e., stream and air temperature are highly correlated (Durance & Ormerod, 2009). Freshwater systems 

are also affected by upstream conditions, slope, and hydrological conditions, which Jahnig et al. (2012) 

was able to successfully account for in local modelling, however, this was not achieved for large scale 

modelling. Climate variables are a great way of predicting distribution over a large scale, while habitat 

characteristics are more useful for a smaller/local extent study (Araujo et al. 2019). A model that could 

include both would be beneficial (Araujo et al. 2019). Difficult to include in a country wide model, 

especially when past conditions are unknown. 

Predictions are more dubious outside of the temporal extent of the data (Thuiller 2003, Crimmins et al. 

2013, Bouska et al. 2015, Elith et al. 2006). There may be novel conditions or environmental data from 

the LGM that are difficult to predict or unavailable. It would have been very useful to include factors 

like substrate, slope, and land use however this is not available for New Zealand during the LGM. 

Specially across large scales (Bouska et al. 2015). The relationship between climate variables and 

distribution of species may also change overtime. Bouska et al. (2015) explained this using slope and 

fish distribution. While slope may be a suitable proxy for discharge in the current climate, the slope 

may be the same in future climates however discharge patterns may change with other factors or 

anthropogenic impacts.  Despite these omissions the models still score well, which suggests that these 

factors may not be necessary for a useful model. Depending on the research question, models that only 

include abiotic factors can still be useful, especially given the difficulties in obtaining biotic variable 

data at large scales. 

2.2.4. Potential Biases and Errors (Guillera-Arroita 2017; Zurell et al. 2020) 

One potential bias in the data is that Pohe’s location criteria included being within a certain distance of 

native forest. This may be useful for this model, reducing the effect of stream pollution, disturbance, 

and other anthropogenic effects on mayfly presence. Data was collected initially for the purpose of 

looking at all NZ mayflies, so there is unlikely to be a bias toward Ichthybotus specific locations. 

Finally, it should be acknowledged that the data (presence/absence locations) was collected over 8 

years, or were sourced from museum collections, so there is a potential for change in presence absence 

over time. Predictors and response variables are also from different time periods. 

2.4.5. Implications for Population Genetics 

If the projections of ecological models are realistic estimates of past distributions for these two 

Ichthybotus species, then we can predict that Ichthybotus hudsoni would have retained high genetic 

diversity throughout its range with potential for greater diversity in the northwest of North Island. There 

is often a link between population and distribution size, and genetic diversity (Frankham, 1996), with a 
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large distribution implying a larger population. Ichthybotus bicolour had no projected niche space 

during the LGM therefore we can predict lower overall genetic diversity in this species.  
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Supplementary Table 2.1. Shows all site locations (164) and their co-ordinates, sorted form northern 

to southernmost. Includes presence (1) and absence (0) of species and location and the source of the 

data (Pohe = (Pohe, 2018), thesis = gathered for the purpose of this thesis). 

Site Latitude NZGD2000 Longitude NZGD2000 I. hudsoni I. bicolor Source 

Whangaroa -35.01 173.71 1 0 Pohe 

Kaitaia -35.06 173.36 1 0 iNaturalist 

Mangamuka -35.19 173.48 1 0 Pohe 

Mangamuka -35.19 173.47 1 0 Pohe 

Puketi -35.26 173.68 1 0 Pohe 

Puketi -35.27 173.68 1 0 Pohe 

Russell -35.39 174.31 0 0 Pohe 

Russell -35.39 174.3 1 0 Pohe 

Whananaki -35.55 174.4 1 0 Pohe 

Whananaki -35.55 174.41 1 0 Pohe 

Waipoua -35.65 173.55 1 0 Pohe 

Mangere -35.7 174.24 1 0 Pohe 

Pukenui -35.7 174.26 1 0 Pohe 

Mangere -35.71 174.24 1 0 Pohe 

Maungatapere -35.71 174.21 1 0 iNaturalist 

Tangihua -35.85 174.09 1 0 iNaturalist 

Mareretu -36.02 174.35 1 0 Pohe 

Little Barrier -36.2 175.05 1 0 Pohe 

Little Barrier -36.21 175.05 0 0 Pohe 

Little Barrier -36.22 175.06 1 0 Pohe 

Little Barrier -36.22 175.08 0 0 Pohe 

Pohuehue -36.45 174.65 1 0 Pohe 

Fantail Bay -36.52 175.32 1 0 Pohe 

Fantail Bay -36.52 175.33 1 0 Pohe 

Mahakirau -36.86 175.54 1 0 iNaturalist 

Cascades -36.88 174.51 1 0 Pohe 

Cascades -36.88 174.52 1 0 Pohe 

Waitakere -36.88 174.52 1 0 iNaturalist 

Cascades -36.89 174.53 0 0 Pohe 

Upper Nihotupu -36.93 174.55 1 0 Pohe 

Piha -36.93 174.46 0 0 Pohe 

Waiatarua -36.93 174.55 1 0 iNaturalist 

Piha -36.94 174.46 0 0 Pohe 

Huia -37 174.56 1 0 Pohe 

Huia -37 174.55 1 0 Pohe 

Te Puru -37.04 175.53 1 0 Pohe 

Coromandel Forest Park -37.06 175.66 1 0 iNaturalist 

Hunua -37.1 175.12 1 0 Pohe 

Hunua -37.11 175.12 1 0 Pohe 

Port Waikato -37.36 174.79 1 0 Pohe 

Port Waikato -37.36 174.78 0 0 Pohe 

Port Waikato -37.39 174.73 1 0 iNaturalist 

Waitawheta -37.43 175.74 0 0 Pohe 

Waitawheta -37.44 175.74 1 0 Pohe 
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Whakamarama -37.69 176.02 1 0 iNaturalist 

Whakamarama -37.71 175.97 1 0 iNaturalist 

Te Tapui -37.81 175.62 1 0 Pohe 

Kaimai Saddle -37.86 175.92 1 0 iNaturalist 

Pirongia -37.93 175.07 1 0 Pohe 

Rotorua -37.96 176.17 0 0 Pohe 

Rotorua -37.96 176.16 1 0 Pohe 

Okere Falls -37.97 176.46 1 0 iNaturalist 

Hillcrest Rotorua -38.15 176.23 1 0 iNaturalist 

Tokoroa -38.4 175.49 1 0 Pohe 

Whareorino -38.41 174.82 0 0 Pohe 

Pureora -38.5 175.57 1 0 iNaturalist 

Pureora -38.63 175.49 1 0 Pohe 

Waikaremoana -38.74 177.17 0 0 Pohe 

Waikaremoana -38.75 177.16 0 0 Pohe 

Gisborne -38.82 177.78 0 0 Pohe 

Gisborne -38.83 177.79 0 0 Pohe 

Kotare -38.86 174.77 1 0 Pohe 

Tongariro -39.07 175.55 1 0 iNaturalist 

Kaimanawa -39.07 176.09 1 0 iNaturalist 

Hurdon -39.1 174.04 1 0 iNaturalist 

Pouiatoa -39.12 174.51 0 0 Pohe 

Turangi -39.18 175.75 0 0 Pohe 

Pukeiti -39.19 173.98 1 0 iNaturalist 

Pukeiti -39.19 173.97 1 0 iNaturalist 

Egmont -39.24 174.11 0 0 Pohe 

Stratford -39.33 174.28 1 0 iNaturalist 

Otakeho -39.4 174.06 1 0 Thesis 

Timahanga Station -39.4 176.24 1 0 Pohe 

Rotokohu -39.54 174.76 0 0 Pohe 

Sentry Box -39.66 176.28 0 0 Pohe 

Makohine -40.22 175.81 1 0 Pohe 

Turitea -40.41 175.66 1 0 Thesis 

Waewaepa -40.42 176.02 1 0 Pohe 

Kahutarawa -40.46 175.61 1 0 Thesis 

Collingwood -40.71 172.56 0 1 Pohe 

Collingwood -40.71 172.58 0 1 Pohe 

Eketahuna -40.71 175.59 0 0 Pohe 

Totaranui -40.83 172.99 0 0 Pohe 

Carterton -40.99 175.38 0 0 Pohe 

Katarawa -41.03 174.99 1 0 iNaturalist 

Upper Hutt -41.09 175.08 1 0 iNaturalist 

Harvey Bay -41.12 173.73 0 1 Pohe 

Otari-Wilton -41.26 174.76 1 0 Thesis 

Otari-Wilton -41.26 174.75 1 0 iNaturalist 

Wainuiomata -41.27 174.97 1 0 iNaturalist 

Wainuiomata -41.27 174.96 1 0 Thesis 

Waikawa -41.27 174.03 0 1 iNaturalist 
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Picton -41.29 174 0 1 iNaturalist 

Richmond -41.3 173.55 0 1 Pohe 

Nelson -41.31 173.29 0 1 iNaturalist 

Remutaka -41.35 174.92 1 0 iNaturalist 

Robertson -41.38 174.01 0 1 Pohe 

Motueka -41.44 172.58 0 0 Pohe 

Motueka -41.45 172.57 0 0 Pohe 

Motueka -41.47 172.57 0 0 Pohe 

Avon Valley -41.76 173.55 0 0 Pohe 

Lyell -41.79 172.05 0 1 Pohe 

Rotoiti -41.82 172.79 0 0 Pohe 

Rotoiti -41.83 172.78 0 0 Pohe 

Reefton -42.14 171.9 0 1 Pohe 

Mororimu -42.21 173.86 0 1 Pohe 

Blackball -42.26 171.45 0 0 Pohe 

Blackball -42.27 171.45 0 0 Pohe 

Molesworth -42.31 172.75 0 0 Pohe 

Lewis Pass -42.52 172.4 0 0 Pohe 

Brunner -42.64 171.35 0 0 Pohe 

Brunner -42.64 171.36 0 0 Pohe 

Hawkswood -42.66 173.42 0 1 Pohe 

Hawkswood -42.66 173.41 0 0 Pohe 

Arthurs Pass -42.91 171.54 0 0 Pohe 

Mt White Station -42.98 171.79 0 0 Pohe 

Mt White Station -42.99 171.79 0 0 Pohe 

Waipara -43.04 172.6 0 1 iNaturalist 

Harihari -43.17 170.45 0 0 Pohe 

Harihari -43.18 170.45 0 0 Pohe 

Oxford -43.25 172.09 0 0 Pohe 

Oxford -43.26 172.09 0 0 Pohe 

Porters Pass -43.3 171.75 0 0 Pohe 

Mt Somers -43.62 171.41 0 0 Pohe 

Paringa -43.72 169.41 0 0 Pohe 

Okuti -43.78 172.83 0 1 Pohe 

Hinewai -43.82 173.04 0 1 Pohe 

Haast -43.93 169.11 0 0 Pohe 

Jackson Bay -44.12 168.55 0 0 Pohe 

Twizel -44.24 169.87 0 0 Pohe 

Twizel -44.24 169.88 0 0 Pohe 

Tekapo -44.32 170.58 0 0 Pohe 

Tekapo -44.33 170.58 0 0 Pohe 

Rob Roy -44.5 168.72 0 0 Pohe 

Waimate -44.66 170.97 0 0 Pohe 

Milford Sound -44.67 167.96 0 0 Pohe 

Milford Sound -44.67 167.94 0 0 Pohe 

Lindis Pass -44.69 169.49 0 0 Pohe 

Waimate -44.7 170.96 0 1 iNaturalist 

Lindis Pass -44.71 169.5 0 0 Pohe 
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Te Anau -45.13 167.95 0 1 Pohe 

Te Anau -45.13 167.94 0 0 Pohe 

Oamaru -45.27 170.73 0 0 Pohe 

Oamaru -45.27 170.72 0 0 Pohe 

Waikaia -45.54 169.04 0 0 Pohe 

Waikaia -45.55 169.02 0 0 Pohe 

Borland -45.77 167.53 0 0 Pohe 

Dunedin -45.8 170.42 0 0 Pohe 

Black Gully -45.89 169.35 0 0 Pohe 

Akatore -46.07 170.13 0 1 iNaturalist 

Gore -46.12 168.6 0 0 Pohe 

Otautau -46.25 167.9 0 0 Pohe 

Otautau -46.25 167.91 0 0 Pohe 

Invercargill -46.32 167.83 0 0 Pohe 

Invercargill -46.33 167.83 0 0 Pohe 

Catlins -46.45 169.47 0 0 Pohe 

Catlins -46.45 169.46 0 0 Pohe 

Catlins -46.45 169.48 0 0 Pohe 

Catlins -46.45 169.49 0 0 Pohe 

Bungaree -46.8 168.02 0 0 Pohe 

Oban -46.89 168.1 0 0 Pohe 

Oban -46.89 168.09 0 0 Pohe 

Rakeahua -46.97 167.9 0 0 Pohe 

Rakeahua -46.98 167.87 0 0 Pohe 

Supplementary Table 2.2. Codes for the 19 bioclimatic variables from WorldClim. 

Variable Description 

BIO1 Annual Mean Temperature 

BIO2 Mean Diurnal Range (Mean of monthly (max temp – min temp)) 

BIO3 Isothermality (BIO2/BIO7) (×100) 

BIO4 Temperature Seasonality (standard deviation ×100) 

BIO5 Max Temperature of Warmest Month 

BIO6 Min Temperature of Coldest Month 

BIO7 Temperature Annual Range (BIO5-BIO6) 

BIO8 Mean Temperature of Wettest Quarter 

BIO9 Mean Temperature of Driest Quarter 

BIO10 Mean Temperature of Warmest Quarter 

BIO11 Mean Temperature of Coldest Quarter 

BIO12 Annual Precipitation 

BIO13 Precipitation of Wettest Month 

BIO14 Precipitation of Driest Month 

BIO15 Precipitation Seasonality (Coefficient of Variation) 

BIO16 Precipitation of Wettest Quarter 

BIO17 Precipitation of Driest Quarter 

BIO18 Precipitation of Warmest Quarter 

BIO19 Precipitation of Coldest Quarter 
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Chapter 3: Phylogeography of Ichthybotus 

3.1 Introduction 

3.1.1. Phylogeography Concepts 

The concept of phylogeography was coined in 1987 and has grown it its first 30 years (Avise et al 2001, 

Avise, 2009). It involves using genetic, spatial, and temporal data, and coalescent theory to infer past 

and present relationships between populations (Trewick et al 2011, Beheragaray 2008, Trewick, et al 

2022). Phylogeography often utilises mitochondrial DNA (mtDNA) due to being compact and relatively 

quick to accumulate nucleotide substitutions i.e., evolution is rapid and divergence in isolated 

populations will accumulate relatively quickly (Avise, 2009, Morgan-Richards et al, 2017). This leads 

to mtDNA having high sequence variation within species, which is crucial for phylogeographic studies 

at species level (Avise, 2009). Mitochondrial DNA is also passed down maternally and does not undergo 

recombination as part of sexual reproduction. This means the only changes that will occur from 

generation to generation in these molecules is through mutations. Different mtDNA sequences found in 

a population are referred to as haplotypes. Due to the rapid evolution of these molecules, there are often 

a relatively large number of haplotypes present in a population or species allowing for lineages and 

patterns to be inferred within and between these groups. Another important concept in phylogeography 

is the theory of coalescence. This theory states that although there are distinct genetic lineages in 

populations, they all coalesce to a common ancestor. These theories combined allow the examination 

of population diversity across a landscape, in this case the whole of New Zealand, and into the past at 

what may have caused the genetic structure within a species (Trewick et al. 2022). 

3.1.2 Potential patterns inferred and phylogeography in New Zealand  

The goal of phylogeography is to infer patterns in space and time, with relation to genetic evolution. 

There have been various studies carried out on New Zealand invertebrates. These have used current 

distributions and phylogeography to reconstruct past refugia (Buckley et al., 2009; Buckley et al., 2010; 

Marske et al., 2011), explore taxonomic relationships and distinguish between species (Atkinson, 2006, 

Chinn & Gemmell, 2004). There are various distribution patterns that can be inferred from this field of 

study. Range expansion from a single refugia leads to high to low genetic diversity moving into 

peripheral or more recently colonised localities (Excoffier et al. 2009). In New Zealand many species 

are inferred to have had refuge in northern North Island during the LGM, before expanding south. This 

was the case in the mayfly Acanthophlebia which is now widespread across the North Island (Trewick 

et al. 2022), and in New Zealand stick insects Clitarchus hookeri and Argosarachus horridus, which 

both found refuge in the northern North Island and eastern South Island during the LGM (Buckley et al 

2009; Buckley et al., 2010). Moving out of a refugia often has a bottleneck effect on founded 

populations, this is common when populations move into previously glaciated areas, such as in the 
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South Island during the LGM (Excoffier et al 2009, Buckley et al 2010, Marshall et al 2009). When a 

population expands from multiple glacial refugia they each produce local regions with high genetic 

diversity and the potential for hybrid zones to form between localities. This scenario would not 

necessarily result in decreasing genetic diversity moving away from the refuge (Excoffier et al 2009). 

This was found to be the case for cicada in the genus Kikihia. Like the stick insects (Buckley et al 2009, 

Buckley et al 2010) this genus was likely restricted to the North Island and northern South Island during 

the LGM.  It shows split lineages across the Cook Strait and during the Pleistocene in the northern South 

Island, these lineages diverged down either side of the Southern Alps i.e., this genus shows allopatric 

divergence around Cook Strait and the Southern Alps (Marshall et al., 2008; Marshall et al., 2009; 

Marshall et al., 2011). Kikihia muta hybridized relatively recently due to post glacial secondary contact 

in certain locations. Finally, if populations survive in situ then large stable populations result in 

widespread high genetic diversity. This is seen in both tree and ground wētā, Hemideina crassidens and 

Hemiandrus pallitarsis, which have maintained high genetic diversity due to maintaining one stable 

and large population increasing the rate of mutation in the population over a long period of time 

(Chappell et al, 2012, Morgan-Richards et al. 2017). New Zealand alpine grasshoppers have high 

species diversity owing to large habitats and population size during the Pleistocene and maintaining this 

diversity despite a smaller population (Carmelet-Rescan et al, 2021). This is despite small populations 

been considered to have limited genetic diversity (Frankham, 1996). These trends can all help piece 

together the history of a species, and given their New Zealand context, may be relevant to mayfly 

distribution.  

3.1.3. Phylogeography in Mayflies 

Mayflies generally have low dispersal ability with mountains and oceans being major barriers (Barber 

James 2008). They can drift downstream as nymphs or colonize habitats over short distances during 

their winged stage, moving around 59m maximum from the stream for males and 44m for females 

(Petersen et al. 2004, Sartori & Brittain 2015). Their dispersal distance is considered restricted due to 

their short lifespan and fragility as adults. Some studies have found evidence of transoceanic dispersal 

of some mayfly species between Madagascar and continental Africa (Monaghan et al, 2005, Gattolliat, 

2004). So long distance dispersal might be possible for some species.  However, Kaneko et als (2021) 

study concluded that mayflies on the Japanese archipelago island Kyushu were genetically distinct, and 

Acanthophelbia in New Zealand can only be found on the North Island (Trewick et al. 2022) suggesting 

that transoceanic dispersal does not often occur. Species with low dispersal ability typically have 

geographically localised haplotypes that are much more similar than those at a distance, as intermixing 

over distance is less common than in species with high dispersal ability (Barber James 2008). There are 

often deeper divisions between populations, tracking back to a separation event or refugia (Avise, 

2009). Three distinct lineages of baetid mayflies were identified across three Mediterranean islands 
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with no admixture in shared locations (Bisconti et al., 2016) in an example of applying phylogeography 

to endemic island mayflies. 

3.1.4. Chapter Aims:   

1. Test to see whether the current species level treatment of Icthybotus comprises the expected 

two reciprocally monophyletic genetic clusters based on wing colouration, and spatial 

distribution (islands). The alternative been one taxon being nested with the other. 

2. To explore the genetic diversity of both species across New Zealand, with particular focus on 

the intraspecific diversity of I. hudsoni. 

3. To determine if phylogeographic data corroborates the niche modelling trends inferred in 

Chapter 2 which suggested wider distribution in the past than currently observed for 

Ichthybotus hudsoni, which would have retained high genetic diversity throughout its range. 

Ichthybotus bicolour had no suitable projected niche space during the LGM, but is currently 

more suited to the east coast, therefore I predict relatively low genetic diversity throughout its 

range with possible higher diversity along the east coast. 

3.2 Phylogeography Methods 

3.2.1. Collection of Mayfly Specimens 

Ichthybotus specimens for genetic analyses were collected from the full range of their distribution 

(Pohe, 2018, Pohe, 2019). Putative Ichthybotus hudsoni was collected from 12 North Island locations, 

and Ichthybotus bicolor from 10 locations in South Island (Table 3.1; Figure 3.1). Specimens were 

obtained either by light trapping of flying subimagos and imagos (Pohe et al, 2017) or as nymphs. 

Nymphs were captured by kick sampling in small, gravel-bottomed streams, disturbing the sediment 

under displaced rocks, and catching specimens in a net downstream. Ichthybotus specimens were sorted 

from other taxa on site using physical traits and were immediately preserved in 99% ethanol. 
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Figure 3.1. Sites where the New Zealand burrowing mayfly (Ichthybotus hudsoni and I. bicolor) 

specimens were collected for genetic analyses (Table 3.1).  

3.2.2. DNA Extraction and Amplification 

DNA was extracted from legs of nymph or adult specimens by crushing in 20uL of 10mg/mL proteinase 

K and 300uL digestion buffer was added (reheated and resuspended TNES: 2.5ml Tris (1M), 4.0ml 

NaCl (5M), 2.0ml EDTA (500mM), and 5ml SDS (sodium dodecyl sulphate), made up to 50ml with 

H2O), and incubated at 55oC until fulling lysed. 85uL 5M NaCl solution was added, shaken well for at 

least 15 seconds before spinning at 14000rpm for 5 mins. 300uL of the resulting supernatant was 

pipetted into a new tube, with an equal amount of ice cold absolute EtOH and inverted to mix, to 

precipitate the DNA. This solution was spun for 10 mins at 14000rpm to pellet DNA. The EtOH was 

removed by pouring off, and rinsed with 400uL 70% EtOH, and spun for further 5 mins at 14000rpm. 

The EtOH was removed, and DNA allowed to dry in an incubator before re-suspending the DNA in 

50uL of distilled water. DNA was run out on a gel to ensure DNA was of high molecular weight (not 

fragmented). 

The cytochrome oxidase subunit-I (COI) gene region of mitochondrial DNA was amplified using the 

universal primer pair LCO - 1490: 5ʹ-GGTCAACAAATCATAAAGATATTGG-3ʹ, and HCO 2198: 5ʹ- 

TAAACTTCAGGGTGACCAAAAAATCA-3ʹ (Folmer et al. 1994). This COI region is commonly 
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used in studies of invertebrate diversity for three reasons: (1) the same primers anneal to the DNA of a 

wide range of organisms resulting in successful amplification (2) mitochondria are haploid, so a single 

allele/haplotype is amplified per individual making sequencing uncomplicated (3) the gene accumulates 

synonymous substitutions rapidly providing information to infer phylogenies and to differentiate 

species. This region of the COI gene has proved widely useful in species level studies of insects and is 

applied in DNA barcoding studies (Hebert et al., 2003; Ward et al., 2009). 

The DNA (1uL) was added to a PCR master mix: 1uL 10x buffer dream taq, 1uL dNTP’s 2mu per 

nucleotide, 0.4uL of 1490 primer, 0.4uL of 2198 primer and 0.1uL Taq enzyme (added in that order). 

For a volume of 10uL I set the following protocol: (1) Activation of the polymerase at 95°C for 3 min. 

(2) Thermal cycling of 36 cycles of denaturation at 95°C for 20s, annealing at 48°C for 15s and 

elongation at 72°C for 1min. (3) Extension at 72°C for 5mins. I used the same lab, machinery, and 

equipment for all specimens. Amplified COI fragments were run on a gel to check PCR was successful 

and these products were then sequenced using Big- Dye chemistry (Perkin Elmer) following the 

manufacturer’s protocols on an ABI3730 DNA analyser (Macrogen Inc).  

3.2.3. Sequencing and analysis 

DNA sequences were trimmed and translated to ensure there are no stop codons using Geneious Prime® 

(2021.2.2 Build 2021-07-19 12:20 Java Version 11.0.11+9 (64 bit)) (Kearse et al 2012). Trimmed 

sequences were aligned, and unique sequences were extracted to identify unique haplotypes.  The 

Geneious tree builder was used to explore relationships between populations and species. Outgroup 

sequences were obtained from GenBank using a Blast search of available data, as no other 

representatives of the mayfly family Ichthybotidae exist. The most similar available COI sequences 

were for Ephemeridae Ephemera serica (OK018134) and Hexagenia limbate (HM137936) and 

Neoephemeridae Potamanthellus edmundsi (GU714180). 

Alignments and trait matrices were imported into PopART (Leigh & Bryant, 2015) to generate networks 

(Bandelt et al. 1999) representing haplotype diversity within each of the putative Ichthybotus species. 

Haplotype diversity and nucleotide diversity were calculated using DNA Sequence Polymorphism 

(DnaSP, Version 6.12.03 2018-02-22 (64 bit)) (Rozas 2009, Rozas et al 2017). for all population 

samples with a sample size of 1 or above. Population samples smaller than 5 were excluded from the 

next stages of analysis, as their small size makes their summary statistics unreliable. Population genetic 

structure is expected to reflect historical processes such as species limits, expansion from refugia, 

bottleneck and connectivity. Population sample haplotype diversity (Hd) and nucleotide site diversity 

(π) were compared using R ANOVA models. (R Core Team, 2021, Girden, 1992). Within population 

genetic diversity was estimated using haplotype diversity (Hd) and nucleotide diversity (π). Haplotype 

diversity is defined as the probability that two randomly selected alleles/haplotypes are different. 
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Nucleotide diversity measures a population's degree of polymorphism. It is expressed as the average 

number of nucleotide differences per site in a pairwise comparison of DNA sequences. 

The relationship between geographic distance and genetic diversity was examined in the better-sampled 

North Island species, I. hudsoni using population sample latitude and Hd values, and pairwise ΦST. The 

relationship between latitude and Hd within I. hudsoni was examined using R linear models. Genetic 

structure resulting from gene flow would leave a signature of isolation by distance (IBD). Pairwise 

genetic distances (Φst) were calculated using DNAsp, and geographic distances were calculated using 

the program Geographic Distance Matrix Generator Version 1.2.3. (Ersts, 2006) These data sets were 

used to test for isolation by distance by assessing the correlation between the pairwise genetic matrix 

and geographic distances (Table 3.2) using a Mantel test (Mantel, 1967, Diniz-Filho et al 2013) 

implemented in IBD Version 1.52 (Bohonak, 2002). Finally, using the suggested substitution rate of 

invertebrates and known divergence rates, the divergence time of the two species lineages was 

calculated (Morgan-Richards et al, 2019, Trewick et al 2022). 

3.3. Results 

3.3.1. Genetic diversity 

An alignment (617bp) of 188 individual mtDNA sequences revealed 120 unique COI haplotypes 

(Figure 3.3 and 3.5). The North Island mayfly Ichthybotus hudsoni had 93 haplotypes (n = 136) 

(Supplementary Table 3.1) while I. bicolor had 27 (n = 52) (Supplementary Table 3.2). The two 

Ichthybotus species have distinct mtDNA haplotypes supporting the current taxonomy of the two 

species. Despite sampling from the northern South Island, and the Taranaki region, where the two 

islands were once connected by a land bridge there are no shared haplotypes as expected in interspecific 

gene flow is occurring (Figure 3.5). Most haplotypes sampled were restricted to few populations from 

within the same geographical region.  
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Figure 3.2. Boxes plots showing (left) the means and quartiles of Hd of I. bicolor and I. hudsoni and 

(right) the means and quartiles of π of I. bicolor and I. hudsoni. 

Within population genetic diversity was estimated using haplotype diversity (H) and nucleotide 

diversity (π). Haplotype diversity is defined as the probability that two randomly selected 

alleles/haplotypes are different. Nucleotide diversity measures a population's degree of polymorphism. 

It is expressed as the average number of nucleotide differences per site in a pairwise comparison of 

DNA sequences. In both measures of diversity I. hudsoni scores highest. There was a significant 

difference between the total sampled haplotype diversity (Hd) and nucleotide diversity (π) values of the 

two species (Figure. 3.2). I. hudsoni had a higher mean Hd (0.87782) than I. bicolor (0.75209) 

(ANOVA; F = 4.8509, p = 0.04369 < 0.05). The results of an ANOVA comparing π was the same with 

I. hudsoni having a significantly higher nucleotide diversity (F = 7.4421, p = 0.01556 < 0.05) (Figure 

3.2.).  

The two Ichthybotus species are more closely related to each other than they are to the outgroups. There 

are seven main clades in the Ichthybotus species, four in I. hudsoni and three in I. bicolor (Figure 3.3). 

The first and second I. hudsoni clades are found exclusively in ND and AK. The third is found in AK, 

CL, TK, WI and WN. The majority of clade three was found in AK and the CL, but this could be due 

to a larger sample size in these areas. The fourth clade is found in one location in AK, CL, TK, WI and 

WN. These clades are also shown in the network (Figure 3.5). It can be inferred from the phylogenetic 

tree that the lineage split into the two species. The I. hudsoni may have split into three lineages 1H, and 

2+3+4H, before splitting into 2H and 3+4H. The first two clades are exclusively in ND and AK. The 

last clade then possibly split into 3H and 4H, with 3H being more likely in Ak and CL, and 4H being 

more likely in TK, WI and WN (Figure 3.3). The first I. bicolor clade is found in SD, BR, KA, MC, 

and OL. The second was found in NN, SD and MB. The third was found exclusively in NN (CW 
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specifically). The phylogenetic tree suggests that the I. bicolor may have split into lineages 1B (found 

exclusively in CW in NN) and 2+3B (found in the rest of the South Island). The other clade may have 

then split into 2B, present in NN, SD and MB (i.e., The northern South Island, and 3B present in SD, 

KA, MC, and OL (i.e., northern, mid and southern South Island). 

The average and maximum interspecific genetic distances were 0.041 (4.1%) and 0.051 (5.1%) 

respectively. Within I. hudsoni sampled haplotypes differed by a maximum of 2.7% and within I. 

bicolor a maximum of 1.2%. Using the insect intraspecific divergence rate of 0.0792 substitutions per 

site, per million years (Morgan-Richards et al, 2019) and an insect interspecific substitution rate of 

0.115 per site per My (Popadopoulou et al, 2010) the divergence of the two species lineages was 

calculated. This resulted in an estimate of less than 1 Mya between the two species (5.7%) and ~300,000 

ya within each species (2.7% - 1.2%).   

3.3.2. North Island I. hudsoni 

The North Island species of burrowing mayfly (I. hudsoni) was collected from 17 locations with mean 

sample size of 8 (Table 3.1). All populations, excluding OT and PK (both n=1), had unique haplotypes 

(Supplementary Table 3.1; 15 populations out of 17). Most populations (13) had more unique 

haplotypes (haplotypes only found in that population) than shared haplotypes. Sites PS (n= 12), CA 

(n=1) and WA (n=5) consisted of entirely unique haplotypes. Out of 73 I. hudsoni haplotypes 54 were 

only found in one location. The most widely encountered haplotype, Ih_11, was found in 6 population 

samples in Northland (ND) and Auckland regions AK). Two haplotypes (Ih_33 and Ih_44) were found 

in 4 population samples and 2 (Ih_56 and Ih_69) in three. Within the I. hudsoni sample, most haplotypes 

differed from one another by one or few mutations with the maximum pairwise difference was 16 

between Ih_19(RF) - Ih_64(WA) (Figure 3.3). The average genetic distance across all pairwise 

haplotype comparisons for I. hudsoni was 0.012 (1.2%), with the maximum 0.027 (2.7%).  

The evolutionary relationships inferred for the haplotypes (see network, Figure 3.5) reveal four 

haplotype clusters denoted 1H – 4H. Clusters 1H and 2H comprise specimens from Northland and 

Auckland only, with no obvious separation between these two regions. Haplotype Ih_11 is the most 

common in these specimens, consisting mostly of ND specimens. Cluster 4H is made up of specimens 

from all over the NI, excluding Northland. Auckland and CL samples have haplotypes that form cluster 

3H, with the most common haplotype being Ih_45. Southern NI regions (TK, WI and WN) only have 

haplotypes from a single cluster (4H). Ih_69 and Ih_56 are the most common haplotypes in Southern 

NI specimens. Upon comparison with the phylogenetic dree diagram Ib_52, Ib_53 and Ib_54 are likely 

to be a part of 3H. 
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Figure 3.3: Phylogenetic tree of all mtDNA COI haplotypes (617 bp) from two New Zealand mayfly species (Ichthybotus sp), 

and three outgroup specimens Ephemeridae Ephemera serica (OK018134) and Hexagenia limbate (HM137936) and 

Neoephemeridae Potamanthellus edmundsi (GU714180). Tree inferred using Maximum Likelihood. Ih represents I. hudsoni 

haplotypes, while Ib is I. bicolor haplotypes. Colours represent different clades within species from top to bottom: 1B, 2B, 3B, 

1H, 2H, 3H, and 4H.
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Table 3.1. Summary of variation among 617bp mtDNA COI for population samples of I. hudsoni and I. bicolor, organised by island and region.  Shows 

locations (ordered from north to south) and genetic diversity indices for each site and species, and total data estimates (π, nucleotide diversity; h, number of 

haplotypes; k, average number of nucleotide differences; Hd, haplotype diversity). Species and total data estimates are calculated from all populations n>1. 

Region Region Code Site Name Site Code Lat Long Species n h k Hd π 

Northland ND Whangaroa WH -35.01 173.71 hudsoni 7 6 2.0952 0.9523 0.0034 

Mangamuka Gorge (Tapapa Stream) MG -35.19 173.47 hudsoni 12 7 3.7878 0.8333 0.0061 

Russell Forest (Maruku Stream) RF -35.39 174.31 hudsoni 14 11 4.2197 0.9560 0.0068 

Waipoua River WR -35.65 173.55 hudsoni 10 7 4.0444 0.9111 0.0065 

Mangere Stream MS -35.7 174.24 hudsoni 8 8 6.9333 1.0000 0.0094 

Auckland AK Pohuehue Stream PS -36.45 174.65 hudsoni 12 7 5.8333 0.8939 0.0094 

Casades CA -36.88 174.52 hudsoni 1 1    

Huia HU -37 174.55 hudsoni 8 7 6.2857 0.9642 0.0102 

Hunua Ranges HR -37.11 175.12 hudsoni 7 6 3.0476 0.9523 0.0049 

Coromandel CL Fantail Bay FB -36.52 175.33 hudsoni 12 6 2.1969 0.7575 0.0035 

Te Puru TP -37.04 175.53 hudsoni 7 6 3.9047 0.9523 0.0063 

Taranaki TK Otakeho Stream OT -39.4 174.06 hudsoni 1 1    

Ratapihipihi reserve (Pukeiti) PK -39.19 173.97 hudsoni 1 1    

Ratapihipihi reserve (Hurdon) HD -39.1 174.04 hudsoni 11 5 1.7090 0.7636 0.0027 

Whanganui WI Kahutarawa KA -40.46 175.61 hudsoni 12 5 1.6818 0.6666 0.0027 

Wellington WN Otari-Wiltons OW -41.26 174.75 hudsoni 8 5 1.5000 0.7857 0.0024 

Wainuiomata WA -41.27 174.76 hudsoni 5 4 2.6000 0.9000 0.0042 
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Nelson NN Collingwood (Kaituna River) CW -40.71 172.56 bicolor 9 6 1.8333 0.8888 0.0029 

Lyell LY -41.79 172.05 bicolor 1 1      

Marlborough Sounds SD Harvey Bay Stream HB -41.12 173.73 bicolor 12 3 1.1363 0.7575 0.0018 

Robertson Ranges (Pukaka Stream) RR -41.38 174.01 bicolor 12 3 0.3333 0.3181 0.0005 

Marlborough MB Richmond Ranges (Elvy Stream) RM -41.3 173.55 bicolor 6 4 1.3333 0.8000 0.0021 

Buller BR Reefton RE -42.14 171.9 bicolor 1 1    

Kaikoura KA Mororimu MO -42.21 173.86 bicolor 1 1      

Hawkswood HW -42.66 173.41 bicolor 3 3 1.3333 1.0000 0.0021 

Mid Canterbury MC Okuti OK -43.78 172.83 bicolor 1 1    

Hinewai HN -43.82 173.04 bicolor 2 2 2.0000 1.0000 0.0032 

Otago Lakes OL Te Anau TA -45.13 167.94 bicolor 4 2 0.5000 0.5000 0.0008 

I hudsoni Total Estimates      131 71 6.3262 0.9690 0.01029 

I bicolor Total Estimates      48 21 2.2109 0.8359 0.00360 

Total Data Estimates      179 92 12.9331 0.9718 0.02103 
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3.3.3 South Island I. bicolor 

The South Island species of burrowing mayfly (I. bicolor) was collected from 11 locations with mean 

sample size of 4.7 (Table 3.1). Seven populations out of 11 had unique haplotypes (Supplementary 

Table 3.2). Around half of the populations (6, including HN in which ½ of the haplotypes were unique) 

had more unique haplotypes than shared haplotypes found in other populations. There were 4 

populations in I. bicolor that had no unique haplotypes: LY, MO, OK and TA (all with n ≤2). Sites CW 

and RE consisted of entirely unique haplotypes. Out of 22 I. bicolor haplotypes 19 were only found in 

one location. The maximum number of locations that any haplotype was found in was Ib_6 and Ib_8, 

in 4 locations. There was one haplotype with 3 locations (Ib_2). The network (Figure 3.5) shows that 

these haplotypes differed from one another by between 1 and 7 mutations with the maximum pairwise 

difference between; Ib_4(HW) and Ib_20(CW), Ib_4(HW) and Ib_23(CW), Ib_5(HN) and Ib_20(CW), 

Ib_5(HN) and Ib_23(CW), Ib_14(RM) and Ib_22(CW), and Ib_16(HB) and Ib_22(CW).  The average 

genetic distance across all pairwise haplotype comparisons for I. bicolor was 0.006 (0.6%), with the 

maximum 0.012 (1.2%). Less haplotype diversity was observed in I. bicolor compared to the northern 

species, I. hudsoni. 

The evolutionary relationships inferred for the haplotypes (see network, Figure 3.5) reveal three main 

clusters: Cluster 1B is made up of low frequency NN haplotypes in the furthest northwest SI. Cluster 

2B is a mix of SD, NN, MB and BR. This cluster includes the most common SI haplotype, Ib_8, with 

20 specimens from NN, SD and MB, i.e., from the northwest SI. However, this is where most of the 

specimens are from so a strong bias toward this area would explain this trend. This cluster is widespread 

geographically, encompassing the northwest and central SI. This cluster connects to 3B via haplotypes 

from MC, MB, SD, and BR. Cluster 3B contains haplotypes form KA, MC, and OL, representing all 

the southern South Island haplotypes and the eastern South Island. Comparing the phylogenetic tree to 

the haplotype network, Ib_1 and Ib_2 are likely to be a part of 3B.  

Within I. bicolor, nucleotide diversity was highest in the north of its range (Collingwood; π = 0.00298) 

but this level of diversity is like the lower estimates for I. hudsoni population samples in the south 

(Table 3.1).   

3.3.4.  I. hudsoni Results: Isolation by Distance  

The following analyses were carried out on I. hudsoni data and included sites with at least six specimens. 

There was a linear relationship found between latitude and nucleotide diversity (π) (t = 2.135, p = 

0.0561) (Figure 3.4). It shows that the lower the latitude (or the closer to the equator) the higher π is 

expected to be, i.e., there is higher nucleotide diversity in I. hudsoni populations in the north of the 

North Island, compared to the south. A mantel test carried out on I. hudsoni pairwise population data 

(Table 3.2) suggests that there is a correlation between the geographic distance between samples and 



  47 

the genetic distance (Z = 10380.7834, r = 0.6622, p ≤ 0.001) (Figure 3.4). Therefore, there seems to be 

increased genetic diversity across longer distances and more similar haplotypes are generally closer 

together. 

   

Figure 3.4. Scatterplot showing the relationship between I. hudsoni site latitude and nucleotide diversity 

(left). Each black dot represents one site. There is a positive relationship shown by the blue trendline. 

Scatterplot showing the relationship between pairwise geographic distance (Kms) and genetic distance 

(ΦST) for all I. hudsoni sample populations with at least 6 individuals (right). Each pairwise population 

comparison (Table 3.2) is represented by a dot, and the linear trendline in blue shows a positive 

relationship. 
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Figure 3.5. Haplotype networks of I. hudsoni (North Island) and I. bicolor (South Island) (617 bp of 

COI mtDNA). The nodes represent the haplotypes present in each species, all labelled with the assigned 

haplotype number. Node colour indicates the Crosby region, node size shows the number of samples 

with that haplotype. Small black dots at a node represent a haplotype that was not sampled. Clusters are 

labelled to match the clades in the phylogenetic tree, 1H etc. for I. hudsoni and 1B for I. bicolor.
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Table 3.2. Table of pairwise population data used for I. hudsoni mantel test. P1 = population 1, P2= 

population 2 i.e., population being compared, ΦST = measure of genetic differentiation among 

population samples, and Km = geographic distance between populations in kilometres. 

 

P1 P2 Km ΦST 

WH MG 29.65 0.21807 

WH RF 69.05 0.08451 

WH WR 72.71 0.04067 

WH MS 90.64 0.17565 

WH PS 181.41 0.12598 

WH HU 223.68 0.39206 

WH HR 265.98 0.72727 

WH FB 222.85 0.74429 

WH TP 279.12 0.66129 

WH HD 456.24 0.76376 

WH KA 629.28 0.77498 

WH OW 701.66 0.78582 

MG RF 79.51 0.18959 

MG WR 51.72 0.08215 

MG MS 90 -0.02107 

MG PS 176.12 0.05879 

MG HU 180.52 0.16919 

MG HR 260.14 0.5887 

MG FB 223.78 0.58487 

MG TP 276.99 0.47034 

MG HD 438.18 0.55971 

MG KA 616.03 0.58892 

MG OW 684.89 0.60464 

RF WR 74.69 0.0261 

RF MS 35.09 0.11282 

RF PS 121.91 0.11109 

RF HU 175.01 0.32688 

RF HR 204.81 0.63213 

RF FB 155.79 0.64445 

RF TP 213.87 0.57739 

RF HD 413.69 0.66966 

RF KA 575.8 0.68017 

RF OW 654.57 0.69142 

WR MS 62.64 0.00803 

WR PS 133.16 0.05021 

WR HU 147.36 0.28013 

WR HR 214.97 0.62841 

WR FB 187.14 0.63429 

WR TP 235.49 0.55556 

    

    

    

P1 P2 Km ΦST 

WR HD 386.49 0.64284 

WR KA 565.02 0.65574 

WR OW 633.18 0.666 

MS PS 91.28 0.05432 

MS HU 61.87 0.14716 

MS HR 175.65 0.50095 

MS FB 133.95 0.49119 

MS TP 188.73 0.40419 

MS HD 378.9 0.47574 

MS KA 543.29 0.49977 

MS OW 620.53 0.51346 

PS HU 13.62 0.21602 

PS HR 84.58 0.56374 

PS FB 61.36 0.56265 

PS TP 102.35 0.48424 

PS HD 299.84 0.55593 

PS KA 454.16 0.57661 

PS OW 535.52 0.58782 

HU HR 52.1 0.22222 

HU FB 87.72 0.1622 

HU TP 87.22 0.0614 

HU HD 238.01 0.17035 

HU KA 396 0.23816 

HU OW 474.53 0.27575 

HR FB 68.29 0.00329 

HR TP 37.24 0.07428 

HR HD 240.87 0.47973 

HR KA 375.33 0.52136 

HR OW 463.08 0.56689 

FB TP 60.57 -0.00499 

FB HD 308.79 0.42327 

FB KA 439.28 0.48851 

FB OW 530.04 0.54499 

TP HD 263.88 0.21119 

TP KA 380.78 0.29959 

TP OW 474.56 0.35876 

HD KA 202.38 0.07901 

HD OW 247.91 0.1494 

KA OW 114.77 -0.04608 
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3.4. Discussion 

3.4.1. Interspecific Genetic Diversity 

The distribution of haplotypes observed in samples of I. hudsoni and I. bicolor supports the idea that 

these represent two distinct reciprocally monophyletic lineages (Tillyard, 1923, Chrisholm, 1984, Pohe 

2018). The genetic divergence estimated from mtDNA sequences between the species is around 0.051 

(5.1%), which is relatively low when compared to similar studies of New Zealand insects (Trewick et 

al. 2011; Morgan-Richards et al. 2017). Estimated interspecific divergence of stream invertebrates using 

the same locus have reported between 18% (Ball et al 2005) and 24-32% (Beet, 2016). Given the 

morphological similarity of these two mayflies, there was a possibility that there would be no genetic 

divergence between the two species. However, my data reveals a genetic difference without evidence 

of gene flow between the two species, supporting separation of the species based on concordance of 

adult wing colour, mtDNA and geography (Tillyard, 1923, Phillips, 1930, Chrisholm 1984).  

There were no haplotypes shared by the two species, with I. hudsoni constrained to the North Island 

and I. bicolor to the South Island. This implies there is no contact or gene flow between them. This 

supports the idea that Cook Strait acts as an effective barrier to dispersal for these mayflies. Before 

anthropogenic effects, aquatic insect species were most impacted by climate cycling and the changing 

landscape because of tectonic movement (Wallis & Trewick, 2009). The formation of straits is likely 

to be an important abiotic phylogeographic factor in this case (Trewick et al. 2011, Kumar & Kumar, 

2018). The impact of a strait on dispersal depends on position, width and depth, and the ability of a 

species to disperse. During the last Glacial Maximum there was land connection between North and 

South Islands of New Zealand (Trewick & Bland, 2012). Therefore, it is unexpected that Cook Strait’s 

influence on dispersal should be observed in the genetic structure of so many endemic species, including 

land snails (Wainuia umula) (Efford et al 2002), fungus beetles (Epistranus lawsoni and Pristoderus 

bakewelli) (Markse et al 2011), earthworms (Acanthodrilinae) (Buckley et al 2011), other mayflies 

Acanthophlebia (Trewick et al 2022) and both flighted and flightless birds (Trewick et al. 2017). The 

current marine strait does not explain why the two mayflies studied here did not connect and mix during 

the last glacial period when the two main islands would have been bridged (Trewick et al 2012). It is 

possible that land bridges during the last glacial maximum did not last long enough or were too dry to 

allow these species with low capacity for dispersal to expand across (Greaves et al 2007). Whether a 

strait acts as a barrier to dispersal depends on the width, depth and location of the strait (Kumar & 

Kumar 2018) i.e., a mayfly would have to travel 35km across the cook strait to disperse to another 

island, which appears sufficient to block dispersal.  Competitive exclusion might be a better explanation 

of why the two mayfly species are each restricted to a single main island. My ecological niche modelling 

suggests it is not purely climatic differences that exclude the overlap of the two species. 
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The timeframe inferred from the interspecific divergence rate (somewhere between 300,000 ya and <1 

Mya) is several glacial cycles within the latter part of Pleistocene when southern North Island was 

mostly emerged (Trewick & Bland, 2012). This might suggest that the niche model for LGM applies to 

previous glacial cycles i.e., ancestral Ichthybotus may have been able to spread across both islands, 

getting sundered by interglacial periods. If this occurred a few cycles back, subsequent connection and 

potential gene flow might not be evident if occupying population swamped any genetics coming in 

(rarely) from other island. 

3.4.2. Intraspecific Phylogeography of I. hudsoni 

In New Zealand stoneflies a species with “strong flight mediated dispersal”, Z. decorata, had less 

genetic differentiation over its range when compared to the fenestrata species group with weaker flight 

dispersal (McColloch, 2010). With mayflies such as Ichthybotus with weak dispersal one expects to 

detect population genetic structure as their lack of long range dispersibility would contribute to isolation 

by distance. The average intraspecific distance for I. hudsoni was 1% which is the same as previously 

reported averages, around 1% in mayflies (Ball et al 2005) and 1.2 - 1.4% for caddisflies, stoneflies, 

and mayflies (Beet, 2016). The average intraspecific distance for I. bicolor was around 0.03% which is 

below the average for mayflies.  

Within I. hudsoni I observed decreasing nucleotide diversity from the north to the south. This cline in 

genetic diversity suggests refuge in the north followed by a range expansion south as observed in the 

mayfly Acanthophlebia cruentata (Trewick et al. 2022). In two wētā species, Hemideina crassidens 

(southern North Island and South Island) and H. thoracica (North Island) both have recently expanded 

south, after seeming to be restricted to more northern habitats (Bulgarella et al 2013). This was 

attributed to contracting away from glaciation and then expanding back south during the current 

interglacial period. This is likely to be the case with I. hudsoni. Higher diversity in the north suggests 

that populations in this area have either persisted for longer or have been significantly bigger than 

southern populations. This is also seen in many other New Zealand species, having been called ‘northern 

diversity, southern purity’ by Ellis et al (2015). The Argosarchus horridus and Clitarchus hookeri stick 

insects are both widespread across the country. Both species display high diversity in the northern North 

Island and lower diversity in southern North Island and South Island (Buckley et al 2009, Buckley et al 

2010; Morgan-Richards et al. 2010). Cicadas (Kikihia sabalpina) expanded from glacial refugia in the 

north of the South Island south, indicated by common haplotypes either side of the southern alps 

(Marshall et al 2009, Bulgarella et al 2013). Tree wētā and giraffe weevils also show nucleotide 

diversity decreases southward, suggesting northern refugia. However, the isolation by distance analysis 

makes this even more interesting. There is a clear signal of isolation by distance (IBD) within the I. 

hudsoni population samples, i.e., populations are genetically isolated having ample time to differentiate 

since coalescence. IBD considers the direct or straight-line geographic distance between populations, 



  52 

with no accounting for landscape/geographic barriers to dispersal which would have a significant effect 

on the ease of dispersal (van Strien et al 2015). When range expansion has been very recent (e.g., in the 

mayfly Acanthophlebia cruentata; Trewick et al. 2022) then population divergence has not 

accumulated, and gene flow cannot be detected as IBD. Thus, detection of isolation by distance suggests 

stable populations have maintained connections via gene flow over time. From which one might infer 

that southern populations have existed in their current positions long enough to accumulate genetic 

differences, but not long enough, or at great enough numbers to have the same level of genetic diversity 

as northern populations. This would only be possible if glacial cycles did not completely remove them 

from southern and central North Island. (This would also mean that I. hudsoni and I. bicolor would have 

come close to interacting if we assume that I. bicolor had the same trend of northern populations, like 

other species). The decrease in genetic diversity at higher latitudes of the North Island could be due to 

the southern north island being relatively young, only emerging from the sea around 1.5 Ma (Trewick 

& Bland, 2012, Taylor-Smith et al., 2019). If genetic diversity is related to a populations long term 

stability, there is the possibility that these populations have not had as much time to diversify. Therefore, 

I hudsoni may have been restricted to the north of the North Island until the southern land surfaced, 

then moved south until the LGM was reached when population numbers in the south declined leaving 

some refugia. Ecological Niche Modelling using climatic variables suggests that large areas of the North 

Island may have provided suitable habitat for I hudsoni when it was cooler, but this is not supported by 

the pattern of population genetic diversity. There is no evidence of lower population genetic diversity 

in population samples from the central North Island when compared to the north and south, so it is not 

clear if volcanic activity (specifically the Taupo eruptions) has influenced population history and 

genetic structure. I. hudsoni do occur in this area (see ENM chapter) but no specimens were available 

for DNA sequencing. 

3.4.3. Is the population genetic structure compatible with inferences from ENM? 

Ichthybotus hudsoni showed more genetic diversity than I. bicolor which would not be inferred from 

current distributions but could be predicted by ecological niche models projected into the past. The 

lower levels of mtDNA divergence within I. bicolor suggests the southern species may have had a more 

restricted range in the past than its sister species I. hudsoni. Larger population samples of I. bicolor are 

needed to determine the pattern and extent of population genetic diversity but current data suggests 

there is spatial genetic structure within this species. Whether the pattern inferred from ecological niche 

model projections for the LGM exists within I. bicolor requires more sampling but current analysis of 

mtDNA does not suggest range expansion from the east towards the west. 

The genetic data presented here provides no evidence that either of the two mayfly species have ever 

occurred in the alternative main island even though ENM suggested the climate was suitable. Further 

study to investigate whether competitive exclusion is the explanation would be interesting. ENM 
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indicated that during the LGM there was potential habitat in most of the North Island and much of the 

South Island for I. hudsoni. This contrasts with the signature of range expansion from the north seen in 

the genetic data. It is likely that climate variables are not a full representation of the factors limiting the 

distribution of these mayflies. Incorporating other features of the landscape during the LGM might 

improve estimates of potential past distribution. 
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Supplementary Table 3.1. North Island I. hudsoni CO1 haplotypes (73) and their locations. The row 

h represents the number of unique haplotypes found in the given location. 

Region ND AK CL TK WI WN 

Site WH MG RF WR MS PS CA HU HR FB TP OT PK HD KA OW WA 

n 7 12 14 10 8 12 1 8 7 12 7 1 1 11 12 8 5 

Ih 1 
      

1 
          

Ih 2 
     

1 
           

Ih 3 
     

1 
           

Ih 4 
     

1 
           

Ih 5 
    

1 
            

Ih 6 1 
                

Ih 7 1 
                

Ih 8 
   

1 
             

Ih 9 
     

3 
           

Ih 10 
     

1 
           

Ih 11 2 5 3 2 1 
  

2 
         

Ih 12 
 

1 
               

Ih 13 
 

1 1 
              

Ih 14 
    

1 
            

Ih 15 
    

1 
            

Ih 16 
    

1 
            

Ih 17 
  

1 3 
             

Ih 18 
  

1 
              

Ih 19 
  

1 
              

Ih 20 
  

2 1 
             

Ih 21 1 
                

Ih 22 1 
                

Ih 23 1 
                

Ih 24 
   

1 
             

Ih 25 
  

1 
              

Ih 26 
  

1 
              

Ih 27 
  

1 
              

Ih 28 
  

1 
              

Ih 29 
   

1 
             

Ih 30 
     

2 
           

Ih 31 
  

1 
              

Ih 32 
    

1 
            

Ih 33 
 

1 
 

1 1 
  

1 
         

Ih 34 
    

1 
            

Ih 35 
 

1 
               

Ih 36 
 

2 
               

Ih 37 
 

1 
               

Ih 38 
     

3 
           

Ih 39 
          

2 
      

Ih 40 
        

1 
        

Ih 41 
         

1 
       

Ih 42 
        

1 
        



  55 

Ih 43 
        

2 
        

Ih 44 
          

1 
      

Ih 45 
       

1 1 6 1 
      

Ih 46 
         

1 
       

Ih 47 
         

1 
       

Ih 48 
          

1 
      

Ih 49 
       

1 
         

Ih 50 
          

1 
      

Ih 51 
        

1 
        

Ih 52 
             

1 
   

Ih 53 
              

2 1 
 

Ih 54 
        

1 
        

Ih 55 
           

1 
 

1 
   

Ih 56 
         

1 
  

1 5 
   

Ih 57 
         

2 
       

Ih 58 
             

1 
   

Ih 59 
          

1 
      

Ih 60 
       

1 
         

Ih 61 
       

1 
         

Ih 62 
       

1 
         

Ih 63 
              

1 
  

Ih 64 
                

1 

Ih 65 
                

1 

Ih 66 
              

1 
  

Ih 67 
               

1 
 

Ih 68 
                

2 

Ih 69 
             

3 7 4 
 

Ih 70 
                

1 

Ih 71 
               

1 
 

Ih 72 
               

1 
 

Ih 73 
              

1 
  

h 6 7 11 7 8 7 1 7 6 6 6 1 1 5 5 5 4 
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Supplementary Table 3.2. South Island I. bicolor CO1 haplotypes (22) and their locations. The row 

h represents the number of unique haplotypes found in the given location. 

Region NN SD MB BR KA MC OL 

Site CW LY HB RR RM RE MO HW OK HN TA 

n 9 1 12 12 6 1 1 3 1 2 4 

Ib_1 
     

1 
     

Ib_2 
   

1 
     

1 1 

Ib_4 
       

1 
   

Ib_5 
         

1 
 

Ib_6 
      

1 1 1 
 

3 

Ib_7 
       

1 
   

Ib_8 
 

1 6 10 3 
      

Ib_9 
    

1 
      

Ib_10 
    

1 
      

Ib_11 
   

1 
       

Ib_12 
  

1 
        

Ib_13 
  

1 
        

Ib_14 
    

1 
      

Ib_15 
  

2 
        

Ib_16 
  

1 
        

Ib_17 
  

1 
        

Ib_18 3 
          

Ib_19 2 
          

Ib_20 1 
          

Ib_21 1 
          

Ib_22 1 
          

Ib_23 1 
          

h 6 1 6 3 4 1 1 3 1 2 2 
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Chapter 4: General discussion 

Ecological Niche models have not been applied to many aquatic insects and the current dataset may not 

have been ideal. The total number of presence locations used in this study was below recommendations 

for Ichthybotus bicolor. Although true absence data was used, the likelihood that competition as well 

as climate influences the presence/absence of these two closely related mayflies may have impacted the 

models inferred. The inferred LGM potential distribution for I. hudsoni covered a large climatic range. 

The model suggested suitable habitat for I. hudsoni was widespread in northern and western North 

Island, with potential habitat over the land bridge, and even at the southern end of the South Island. 

Interestingly, current models for this species are narrower, with most likely habitat in northern North 

Island, and some other potentially suitable habitat in the rest of lowland North Island and just the 

northern tip of South Island. The potential LGM niche for I. bicolor was inferred to be most likely along 

the east coast of what is now the South Island, in the Whanganui Basin, and the northern tip of the north 

island. This is also predicted to have decreased since the LGM, with fragmented habitat remaining along 

the east coast of the South Island and the lower north island. Both current and LGM niche models 

suggest that there was (and is) climatically suitable habitat in both islands and the potential for overlap 

of the two species, especially around the Cook Strait land bridge/Whanganui Basin.  

If the current predicted distributions were realised some genetic crossover would be expected in North 

Island, New Zealand. This was not observed. There were no shared haplotypes found between the two 

species in the analysis of mtDNA haplotypes. This discrepancy in results is likely due to the ENM not 

being impacted by landscape features that are barriers to dispersal such as Cook Strait, and the models 

being an indicator of suitable climate with no biotic factors considered.  The positive outcome from the 

current ENM is the suggestion that a focus on competitive exclusion interactions would be a fruitful 

avenue of research.  

If the projections of ENM for the two mayfly species onto the climate of the LGM are realistic estimates 

of past distributions for these two Ichthybotus species, then it would be expected that I. hudsoni would 

have retained high genetic diversity throughout its North Island range with potential for greater diversity 

in the northwest of North Island. This is partly supported by the phylogeographic data, it seems that 

genetic diversity was highest in the north and decreased toward the south. This species had average to 

just above average genetic divergence compared to insects in other studies, possibly due to long term 

populations being maintained across the whole North Island (populations being larger in the north). 

Current projected niche space of the two Ichthybotus species was similar. However, I. hudsoni had a 

much larger projected niche space during the LGM. The link between long-term population and 

distribution size, and genetic diversity (Frankham, 1996) is that large distributions usually contain 

higher genetic diversity. The lower genetic diversity would also lead one to infer a narrower distribution 

for I. bicolor compared to I. hudsoni.  
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The interspecific divergence timeframe inferred from the divergence rate was around 1 Mya. This does 

not line up with the end of the LGM and the formation of the Cook Strait. If these species distributions 

possibly crossed over during the most recent LGM we might expect to see some shared haplotypes 

around the southern North Island. This was not the case. This might suggest that the niche model for 

the LGM applies to the distribution during previous glacial cycles i.e., ancestral Ichthybotus may have 

been able to spread across both islands (perhaps in a distribution similar the I. hudsoni’s LGM predicted 

distribution), getting separated by interglacial periods. Following connections may have allowed for 

potential gene flow, but not enough to withstand getting swamped by the already established population. 

Are Ecological Niche Models and phylogeography useful tools for aquatic insects? 

Despite the limitation of the variables used in these ecological models, the distribution of current 

potential habitat inferred from the models were moderately successful. The difficulty incorporating 

biotic interactions such as competition might explain the inference of both species currently occurring 

in both main New Zealand islands. The phylogeographic inferences made were also useful for 

comparison with ENM’s and exploration of spatial diversity. The COI mtDNA sequences were able to 

distinguish between the two Ichthybotus species accurately and allowed inferences to be made about 

within species genetic diversity. 
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