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Abstract 
 

Temperature is key to ectotherm physiological function and thus drives evolution and impacts 

ecological niches. Anthropogenic climate change will lead to increased drought, temperature and 

extreme weather events and thus may lead to species-wide extinction events. We wanted to explore 

if there was thermal plasticity of thermal sensitivity of the metabolic rate and cuticular water loss 

(CWL) within and between seven species of New Zealand stick insect, using two different acclimation 

treatments of 10°C and 20°C, across five trial temperatures of 5°C, 10°C, 20°C, 30°C and 35°C. We also 

wanted to determine if there was evidence to support the metabolic cold adaptation hypothesis and 

the desiccation adaptation hypothesis. We used flow-through respirometry to record the metabolic 

rate and CWL of seven New Zealand stick insect species. Thermal performance curves were used to 

visualise the metabolic rate and CWL. The ANOVA of mixed linear models were used to test for 

statistical significance within and between stick insect species. We found that there was no thermal 

plasticity for the thermal sensitivity of metabolic rate and cuticular water loss for all of the seven 

species. There was thermal plasticity for the overall metabolic rate for Acanthoxyla prasina, Clitarchus 

hookeri and Micrarchus nov. sp. 2, where the 10°C acclimation treatment was higher for A. prasina 

and C. hookeri and the 20°C acclimation treatment was higher for M. nov. sp. 2. Further, there were 

strong phylogenetic correlations between the metabolic rate and the CWL between all of the species, 

except for M. nov. sp. 2, which showed evidence for convergent evolution of metabolic rate. Lastly, it 

was also found that Spinotectarchus acornutus likely does not have adaptations to conserve CWL and 

that Micrarchus hystriculeus does. We conclude that there is evidence to support the cuticular 

adaptation hypothesis but not the metabolic cold adaptation hypothesis. Both the low latitude sub-

tropical stick insects and the high-latitude temperature stick insects are expected to be impacted by 

anthropogenic climate change. 
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Chapter 1: Introduction 

 

Image: Spinotectarchus acornutus with unusual colouration at the Matuku reserve. The image was taken by 
the author. 

 

1.1 The driving abiotic factors of life 

It is well known that life on earth is driven by five major abiotic factors, temperature, energy, oxygen, 

water and nutrients. The spatial and temporal variation in these abiotic factors is what has caused the 

radiation of biological niches and organisms (MacColl, 2011). 

 
1.1.1 Temperature and the environment 
Temperature is said to be the most significant abiotic factor for ectotherms as it directly impacts their 

physiological function, drives evolution, and impacts ecological niches (Cossins & Bowler, 1987). 

Temperature also changes the availability of key resources such as water and food (O’Connor et al., 

2009). Further, species distribution is shaped by temperature, as different species have different 

thermal ranges or temperature windows and thus inhabit different ecological niches (Pörtner & Peck, 

2010). 

Thermal windows have upper and lower bounds, called the critical thermal maximum CTmax and 

minimum CTmin. The CTmax and CTmin do not comprise the complete range of temperatures an organism 
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can survive; however, the CTmax and CTmin are the temperature points at which the organism loses 

motor control (MacMillan & Sinclair, 2011). If an organism is not damaged by temperatures below the 

CTmin, by using physiological and biochemical adaptations such as supercooling, the organism is freeze-

avoidant (MacMillan & Sinclair, 2011). Alternatively, freeze-tolerant insects limit supercooling and 

allow their bodies to freeze during cold periods (Dennis et al., 2015).There is one freeze-avoidant New 

Zealand stick insect, Micrarchus nov. sp. 2 and two species that are freeze tolerant, Niveaphasma 

annulata and Tectarchus salebrosus (Dennis et al., 2015). 

Most organisms have evolved their own strategies to cope with their own environmental temperature 

niche. For example, some short-term behavioural changes include the avoiding of sunlight or being 

nocturnal, whereas some long-term physiological adaptations may be having thicker blubber or 

shivering. 

Global temperature has naturally fluctuated over many thousands of years, such as during the 

Pliocene and Pleistocene when the Earth underwent several periods of glaciation and interglaciation 

(Elderfield et al., 2012). Currently, the change in global temperature is being accelerated by 

anthropogenic causes (Rosenzweig et al., 2008). Anthropogenic climate change is characterised by 

increasing mean temperatures and by an increase in the frequency and severity of extreme weather 

events (Kellermann et al., 2019).  It is therefore expected that the variation of precipitation and 

temperature, as well as the occurrence of storms, flooding or drought events, will increase 

(Ummenhofer & Meehl, 2017). The increased rate of anthropogenically caused climatic change is 

expected to have significant consequences on organisms and their ecosystems (Urban, 2015).  Further, 

if the rate of climate change stays on the current trajectory, one in six species could be at risk from 

extinction, where regions such as New Zealand, Australia and South America are at greatest risk 

(Urban, 2015). 

Climate change will strain all ecosystems; however, tropical and alpine ectotherms are considered to 

be the most vulnerable (Nguyen et al., 2011). Tropical regions are centred around the equator, where 

the most sunlight hits the earth. The elevated temperatures of the tropics mean that animals here 

typically live closer to the upper thermal limit, as the lowest environmental temperatures are typically 

relatively high (Nguyen et al., 2011). With a further increase in global temperature, organisms will 

experience temperatures over their CTmax more often, which could be fatal for organisms without 

thermal adaptations (MacMillan & Sinclair, 2011). For this reason, climate change could lead to large 

scale extinction events (Deutsch et al., 2008). Ectotherms are particularly vulnerable to temperature 

changes, where even fitness can be influenced by body temperature (Huey & Kingsolver, 1989).  
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On the other side of the spectrum, alpine environments are known to have some of the most extreme 

conditions, such as below-freezing temperatures, increased solar radiation, reduced atmospheric 

pressure and high aridity (Dillon et al., 2010). These conditions greatly influence insect physiology 

(Dillon, 2006). The changes in tropical and alpine environments threaten the species that are adapted 

to these niche habitats. Ecological habitats will suffer a loss in biodiversity because of climate change, 

as species may be outcompeted by other species or experience mass extinction events. 

 

1.1.1.1 New Zealand’s terrestrial habitat 

New Zealand (Aotearoa) is an island country in the south-western Pacific Ocean that is comprised of 

two main landmasses and over 700 smaller islands, totalling 268,021 km² of landmass (Jolly & 

Colbourne, 1991; Walrond, 2005). New Zealand’s latitude ranges from Cape Reinga (-34.4°) to Bluff (-

46.6°) and longitude from Fiordland (166.4°) to East Cape (178.5°) (Land Information New Zealand, 

2022).  

New Zealand split off from Gondwana, a supercontinent consisting of continental Australia, New 

Caledonia, New Zealand, and Antarctica landmass roughly 60-85mya (Liebherr et al., 2011; Molnar et 

al., 1975; Waters & Craw, 2006). As a result, New Zealand boasts a high rate of endemism among its 

flora and fauna (Taylor-Smith et al., 2020). With the arrival of humans and their pests around 1280 

AD, New Zealand’s endemic species have been under threat (Wilmshurst et al., 2008). In particular, 

the introduction of pest species, habitat loss and hunting as a result of human habitation has 

contributed significantly to the extinction of many native species (Goldson et al., 2015). For example, 

it is estimated that 40% of New Zealand avifauna have been lost since human settlement (Worthy & 

Holdaway, 2002 as cited by Goldson et al., 2015). Further, only 24% of the original New Zealand forests 

remain (Department of Conservation, 2022). Sadly, the remaining forests are not representative of 

the extensive habitat ranges that used to exist in New Zealand, as most of the flatter and more 

accessible lands were converted for anthropogenic uses, with their original forests cut down and 

swamplands drained (Wilmshurst et al., 2008). This means that the vast majority of protected forests 

that remain today are steep mountainous ranges or small offshore islands, which are now the majority 

of habitat refuges for our native species (Innes et al., 2019; Worthy & Holdaway, 2002).  

New Zealand’s overall climate is temperate, where the average median annual temperature ranges 

from 16 °C in the top of the North Island through to 10 °C in the bottom of the South Island (Figure 1). 

New Zealand has a broad range of habitats that span from sub-tropical rainforest to temperate forests 

and deserts and extensive sub-alpine and alpine regions in the South Island (Caloiero, 2015). The South 
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Island is divided into two main weather systems, where the East is in a rain shadow from the Southern 

Alps, which blocks the high West Coast precipitation (Caloiero, 2015)(Figure 1). 

 

Figure 1: The mean annual average temperature and rainfall of New Zealand from 1981-2010. Images sources 
from NIWA (n.d.) under a creative commons licence. 

 

Although New Zealand is considered to be a global leader in conservation (Simberloff, 2019), climate 

change is threatening to challenge the future fitness of our endemic species. The Intergovernmental 

Panel on Climate Change (IPCC) reports use four scenarios with different representative concentration 

pathways (RCPs), which are a measure of CO2 emission (van Vuuren et al., 2011). The highest RCP is 

8.5 W m-2 and is the current concentration if we do not change anything about the atmospheric 

emission (van Vuuren et al., 2011). The following two lower RCPs are  6.0 W m-2, and 4.5 W m-2 are 

two pathways where we stabilise and reduce our current emissions. Lastly, the RCP of 2.6 W m-2 is 

where there is active removal of CO2 from the atmosphere (van Vuuren et al., 2011).  

It is predicted that under the RCP of 4.5 W m-2, which is a higher effort of stabilising the atmospheric 

CO2 emissions, the change in annual mean temperature will still increase up to 1.6 degrees Celsius 

over a 95-year period (Figure 2). The areas with the most temperature change are the alpine regions 

of the central North Island and the Southern Alps of the South Island (Figure 2). The precipitation is 

expected to decrease up to 7.5 to 10 % in the upper North Island and eastern North Island regions and 
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the upper southern alpine regions of the South Island. Interestingly, precipitation is expected to 

increase 10 to 15% in the west coast of New Zealand (Figure 2).  

 

Figure 2: Projected changes to temperature and precipitation in New Zealand from 1995 to 2090. This model was created 

using the RCP prediction level of 4.5 W m-2. Image sourced and created by Environment NZ (Ministry for the environment, 

2020) using NIWA climate data.  

It is worrying to see the scale of the predicted changes using the RCP of 4.5 W m-2, as they are predicted 

under a model that almost halves the current RCP of 8.5 W m-2. Further, a large proportion of the 

remaining New Zealand conservation land is in the regions that are expected to have the most 

significant change in temperature and precipitation and are thus at great risk (Booth & Cullen, 2001; 

Cessford & Dingwall, 1997). Therefore, it is expected that climate change is going to have significant 

impacts on some of the most fragile and significant ecosystems of New Zealand. Therefore, there is a 

need to investigate not only what changes will occur but also the impacts that they will have on the 

native and endemic New Zealand organisms. 

Ultimately, we want to predict how the different factors of climate change, such as temperature, 

humidity and extreme weather events, will impact the fitness of the New Zealand endemic and Taonga 

species, which will help towards the effort of their conservation. Further, being able to understand 

both the evolutionary and plastic responses that animals experience might help to refine predictions 

about the effects of climate change.  
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1.1.2 Measuring thermal performance 
Thermal performance curves (TPC) are a tool that is intended to visualise and approximate the 

relationship between temperature and fitness (Kellermann et al., 2019). TPCs can be used to describe 

many different performance measures, such as feeding rate, growth, water loss and metabolism, and 

can be used to measure the breadth of thermal windows.  

TPCs are also useful for comparing the performance measure against other experimental treatments, 

individuals, or species. Comparisons of TPCs among related taxa allow one to infer evolutionary 

patterns, and comparing TPCs between experimental treatments can help to identify physiological 

differences (Sinclair et al., 2016). As such, TPCs can vary between treatments along the temperature 

axis (Figure 3b) or change the thermal breadth or height of the performance (Figure 3c). 

There are typically three regions of a TPC (a) the ascending region; (b) a peak at a point of maximal 

performance (Topt); and (c) a rapid decrease in performance as a result of stress (Shah et al., 2021, as 

said by Schulte, 2015)(Figure 3a). Some key parameters of TPCs are the Topt, Tbr, CTmax and CTmin  (Figure 

3a). The Topt is the temperature at which the performance is maximum (Angilletta et al., 2002). The 

thermal breadth, Tbr, is an arbitrary temperature range where often it is the temperature range of 80% 

of its Topt performance (Angilletta et al., 2002; Schulte et al., 2011). The CTmin and CTmax are the 

temperatures on either side of the curve and are the temperature at which the organism loses motor 

function (MacMillan & Sinclair, 2011). It has been proposed that there are three major variations that 

can occur between treatments in a TPC; 1) a vertical shift; 2) a horizontal shift; and 3) a generalist-

specialist (Kingsolver et al., 2004)(Figure 3b, 3c).  

 

Figure 3: Generalised thermal performance curves. Where A) the Topt, CTmin, CTmax and Tbr on a standardised 
TPC. B) The horizontal shift is a shift in performance along the temperature axis. C) The vertical shift is a shift in 
performance along the performance axis. The generalist-specialist shift can also occur if there is a change in Tbr. 
Figure modelled from Angilletta et al. (2002), Huey & Kingsolver (1989), Kingsolver (2009) and Schulte (2015). 

To find the rate of increase in performance measures across temperature, a statistical model can be 

fitted for both the increasing and decreasing sides of the TPC. If the model is linear, the slope of those 

lines can be interpreted as the thermal sensitivity of that performance measure across those 
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temperatures (Huey & Kingsolver, 1989). Thus, when comparing two treatments, the difference 

between the slopes is a quantifiable measure of the difference in thermal sensitivity of that trait. 

Further, these slopes can help us interpret if there is a plastic response between the treatments.  

1.1.2.1 Plasticity and beneficial acclimation 
Adaptive phenotypic plasticity is the ability for a single genotype to exhibit variable phenotypes in 

different environments (West-Eberhard, 1989; Whitman & Agrawal, 2009). Nearly all phenotypic traits 

demonstrate some level of phenotypic plasticity; however, the benefits of plasticity cannot always be 

assumed (Gunderson et al., 2017). Plasticity is considered beneficial when a phenotype improves its 

adaptive peak performance relative to those without plasticity and vice versa for costly phenotypes 

(DeWitt et al., 1998; Gunderson et al., 2017). Overall, studies have found mixed results that there are 

benefits to plasticity (Gunderson et al., 2017; Huey et al., 1999; Leroi et al., 1994).  

A reason why plasticity may not always be beneficial, despite improved fitness, is that there can be 

significant costs and phenotypic constraints to being plastic (DeWitt et al., 1998).  For example, the 

costs of energetic upkeep for plastic traits may outweigh the improved fitness from being plastic 

altogether (DeWitt et al., 1998).  

The ability for some organisms to adapt to environmental temperature changes using phenotypic 

plasticity is of particular interest to climate scientists, as it will indicate how those organisms will 

respond to climate change and may help to predict which organisms are more at risk. Thermal 

plasticity can be tested for by comparing how a performance trait, such as metabolic rate or growth 

rate, changes between at least two different temperature acclimation treatments (Gibbs et al., 1998). 

Acclimation is defined as the change in a biological trait in response to an environmental variable 

(Gibbs et al., 1998; Rohr et al., 2018). If there is a significant difference between two acclimation 

treatments, then the species is said to be phenotypically plastic for that biological trait (Gibbs et al., 

1998).  

The oxygen-and-capacity-limited thermal tolerance (OCLTT) model uses the thermal limitations of 

TPCs to observe how they affect ecosystems and may change between climates (Pörtner et al., 2017). 

To avoid thermal constraints, biogeographical shifts can occur, where the organisms move to more 

suitable environments. Those organisms that stay in the changing environment are often constrained 

and may cause the extinction of that population. It has been suggested, however, that some species 

may acclimate to the changing environment, thus removing the need to shift biogeographically 

(Pörtner et al., 2017). For example, the theory of beneficial acclimation states that organisms will 

perform better at temperatures closer to the variable they are acclimated to (Leroi et al., 1994).  
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Using TPCs and acclimation treatments, we can find if there are plastic responses between two 

treatments (Schulte et al., 2011). Therefore, TPCs can be used to determine if there are fitness changes 

within the tested performance trait between the treatment groups. For linearised TPCs, the thermal 

sensitivity slope can vary in two main ways between treatment groups, a vertical shift or a change in 

plasticity (Figure 4). The slopes of thermal sensitivity TPCs can be used to make inferences about 

organism fitness, plasticity and acclimation. Some performance measures such as growth and feeding 

rates have direct implications for organism fitness. Performance measures such as metabolic rate, 

however, are expected to have a similar shape to that of other performance measures, although the 

outcomes have different implications for organismal fitness (Shah et al., 2021).  

 

Figure 4: Generalised Thermal performance slopes between treatment groups. A) Vertical shift in performance, 
where there is no variation in the slope, however there is an overall change in performance. B) Variation in 
plasticity, as there is change between the thermal sensitivity slope. Figure modelled from (Kingsolver et al., 
2004). 

Although there are known adaptive advantages of having a higher metabolic rate at colder 

temperatures, such as the metabolic cold adaptation hypothesis (Addo-Bediako et al., 2002; Schaefer 

& Walters, 2010), it is hard to be able to quantify when metabolism is stressful at higher temperatures. 

In previous studies, thermal stress was tested by exposing organisms to their thermal extremes such 

as CTmax and lethal limits (LT50), which is often lethal to the organism (Pörtner et al., 2017). When a 

study records metabolism in a temperature range that is biologically relevant for an organism, the 

CTmax will typically not be reached, and thus there is a limitation of not being able to say whether the 

difference in the metabolic rate of the treatment groups at high temperatures is stressful or not.  

 

1.1.3 Metabolism  

Metabolism is often summarised as being all of the chemical reactions that occur within the body of 

an organism (Chown et al., 2004). The metabolic rate is determined by the organismal demand for 

resources to meet its physiological requirements. Therefore, the rate of metabolism is considered to 
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be one of the key factors determining organismal stress, as metabolism influences all other aspects of 

organism function (Chown et al., 2004). The metabolic rate of an organism is a significant measure to 

research, as how the metabolic rate responds to temperature changes can be used to predict how 

climate change may impact different species and implicate ecological consequences.  

When studying metabolism, it is crucial to understand the fundamental mechanisms within the 

system. One of the key functions of metabolism is aerobic cellular respiration (Schmidt-Rohr, 2020). 

Metabolism is also used for creating essential proteins, lipids, nucleic acids and carbohydrates, as well 

as eliminating metabolic wastes (Schmidt-Rohr, 2020). The rate at which these metabolic functions 

occur is the metabolic rate, which can be measured by the by-product of the creation of cellular 

energy, ATP. The process in which ATP is created via the aerobic cellular respiration pathway is 

summarised below. 

The process of aerobic cellular respiration can be broken down into three main stages; glycolysis, 

Krebs cycle and oxidative phosphorylation (OXPHOS). Most of the ATP is produced by OXPHOS in the 

mitochondria. The first stage, glycolysis, occurs in the cytoplasm and requires both catabolic and 

anabolic reactions to break down glucose (from food) to pyruvate, leaving a net gain of 2ATP and 

2NADH. The second stage is the Krebs cycle, also called the citric acid cycle, with a net gain of 2ATP. 

This complex cycle occurs inside the mitochondrial matrix and results in NADH and FADH2 substrates 

as by-products, which are important for OXPHOS. The key waste product from this stage is CO2, where 

the amount of VCO2 by-product that an organism produces can be used to measure the metabolic rate 

indirectly. The indirect calorimetric method used to record metabolism using their VCO2 respiration is 

called flow-through respirometry (Lighton & Halsey, 2011), which will be used extensively through this 

thesis.  

The third and most energetically productive stage is oxidative phosphorylation (OXPHOS), which 

produces 36 ATP (Kikusato et al., 2016). This stage is comprised of a series of four complexes in which 

electrons from the NADH and FADH2 substrates are stripped and moved throughout the complexes, 

and where the H+ protons are moved to the outer mitochondrial membrane (figure 5). NADH and 

FADH2 are respectively oxidated at the respiratory complexes I and II (figure 5). The electrons are 

subsequently transferred from Complex I and II to ubiquinone (UQ), complex III, cytochrome c (Cyt c) 

and then onto complex IV (figure 5). At complex IV, the final electron acceptor is oxygen molecules, 

which react and create H2O as a by-product. Throughout the substrate oxidation and electron 

transport of Complex I, III and IV, protons are pumped from the matrix through the inner membrane 

out to the intermembrane space (figure 5). By pumping protons across the inner membrane, a 

membrane potential (ΔΨ) is created. The ATP synthase complex uses the membrane potential to 
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pump protons back to the matrix, which results in a large generation of ATP from ADP and 

monophosphate (Pi) (Kikusato et al., 2016). Not all of the energy created from electron transport is 

used for ATP, as proton leaks are caused by the leaky membranes, as well as cells that can induce 

Uncoupling proteins (UCP). One such UCP is UCP1, which is expressed in brown adipose tissue to act 

as a thermogenic protein in cold temperatures (Kikusato et al., 2016). Further, under heat stress, the 

inner membranes can increase permeability, which can lead to the uncoupling of the OXPHOS system 

(Power et al., 2014).  

 

Figure 5: Schematic of the mitochondria oxidative phosphorylation (OXPHOS). Q: Ubiquinone, Cyt-c: Cytochrome c. Figure 
modified from Dw001 (2019) under a creative commons licence. 

1.1.3.1 The metabolic cold adaptation hypothesis 
Understanding patterns of evolution in metabolic rates is crucial to modern ecology (Schaefer & 

Walters, 2010). The metabolic cold adaptation (MCA) theory states that species from cold climates at 

any given temperature have elevated metabolism compared to those from warm climates (Addo-

Bediako et al., 2002; Schaefer & Walters, 2010). Cold climates are stressful, and often organisms will 

decrease body functionality. Cold-climate species, however, may have adaptations for the cold and 

thus can have elevated metabolism in cold temperatures compared to warm-climate species, as they 

are better able to cope with the climate. Likewise, cold-acclimated species have higher metabolic rates 

at higher temperatures, as they require more energy to maintain body function at stressful higher 

temperatures. Therefore, the MCA hypothesis is related to beneficial acclimation, as the cold-climate 

species performs better at colder temperatures compared to warm. The MCA has been controversial, 

as different studies have found evidence for and evidence against this theory (Addo-Bediako et al., 

2002). 
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1.1.4 Desiccation 
Like temperature and metabolism, water is a core part of organism function and survival.  The increase 

in extreme weather events as a result of climate change will lead to more frequent periods of 

droughts, storms and changes in precipitation amounts and humidity levels of different environments 

(Kellermann et al., 2019). Extreme weather events can lead to mass fatalities; however, decreasing 

humidity is expected to put a particular strain on ectotherms (Nguyen et al., 2011). Many organisms 

use strategies to overcome water loss, especially in more arid environments (King & Sinclair, 2015). 

Most of the desiccation in arthropods occurs through cuticular water loss (Rolandi et al., 2014), and 

thus common physiological adaptations are centred around the cuticle. Such adaptations include 

thickening the cuticle (Daane et al., 1995), reducing body size to reduce surface area (Bujan et al., 

2016), increased water storage (Hadley, 1994), increase fat stores for conversion to metabolic waters 

(Hadley, 1994) and increased melanisation (King & Sinclair, 2015). 

Cuticles have a thin waxy lipid layer on them which further protects insects from desiccation (Gibbs, 

2002). The desiccation adaptation hypothesis states that organisms in arid environments will have 

greater desiccation resistance (Bujan et al., 2016). Despite many physiological adaptations to the 

cuticle, high temperatures are known to damage the epicuticular lipids making it more permeable and 

thus increasing desiccation (Gibbs, 2002). Therefore, studying how higher temperatures impact the 

CWL of different species is important; as it will help grow the understanding of how increased 

temperatures, as a result of anthropogenic climate change, may cause drought stress. 

 

1.1.4.1 Insect Gas exchange 
Insect respiration occurs by oxygen entering the trachea via the external spiracles. The trachea 

delivers the oxygen to very thin tracheoles, which then diffuse the oxygen directly into the 

haemolymph that surrounds the organs (Westneat et al., 2003). The rate of gas exchange in an insect 

can be controlled by the spiracles, as they can be opened and closed. The longer the spiracles are left 

open, the higher amounts of CO2  and water are released.  

There are three main types of patterns of gas exchange that occur as a result of being able to control 

spiracles, which are continuous gas exchange (CoGE), cyclic gas exchange (CyGE) and discontinuous 

gas exchange (DGE)(Gibbs & Johnson, 2004; Thienel et al., 2015). When the spiracles are fully held 

open with a high continuous carbon dioxide release, the gas exchange pattern is classed as CoGE 

(Chown et al., 2004; Thienel et al., 2015). The CyGE pattern is classified as when the spiracles are 

partially open and generate peaks of CO2 production followed by troughs of low CO2 release (Thienel 

et al., 2015). The third pattern, DGE, is a type of CyGE, as there are three distinct cyclic phases: 1) open 
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spiracles and a peak release of CO2, 2) fully closed spiracles, and 3) the flutter phase, where there is a 

slight release of CO2 before reopening of the spiracles (Thienel et al., 2015). The length of time and 

magnitude that these three phases occur varies.  

 

1.2 Stick insects (Phasmatodea)  

Stick and leaf insects (order: Phasmatodea) are a charismatic mesodiverse insect order (Bradler & 

Buckley, 2020) that has over three-thousand extant and described species globally (Bradler & Buckley, 

2018; Scali, 2009; Yang et al., 2019). The global distribution of stick insects is primarily in the tropics, 

where only a few species inhabit temperate and alpine regions (Bradler, 2003). The fossil record of 

stick insects is remarkably poor (Bradler & Buckley, 2018). There are a few exceptions to this: a well-

preserved male leaf-insect fossil from the Eocene (~47mya) (Wedmann et al., 2007); several different 

aged amber preserved extinct species (Yang et al., 2019); and a fossilised egg (Sellick, 1994). There is 

much inconclusive debate about the sister taxon of phasmatodeans, with almost every orthopteroid 

insect order having being suggested (Bradler & Buckley, 2018; Engel et al., 2016). As a result, 

phasmatodeans were one of the last insect orders where a high-level phylogeny failed to exist (Bradler 

& Buckley, 2018). The following year, however, this was resolved by Simon et al. (2019), who used a 

large scale meta-analysis. 

Phasmatodea have a large range in adult body size, ranging from 4cm to 35.7cm (Bradler & Buckley, 

2018), where the female Phobaeticus chani is currently considered the longest extant insect 

(Hennemann & Conle, 2008). Just as their body size presents in a wide variation, so too does their 

external morphology. Phasmatodea (phasmat- spectre in Latin) are well known for their extreme 

forms of masquerade crypsis of several parts of plants, such as leaves, twigs and bark (Bradler & 

Buckley, 2018). Stick insects are primarily nocturnal, where they use catalepsy, adaptive stillness, 

during the day to reduce the detection by predators (Bradler & Buckley, 2018). The main predators of 

stick insects are birds, spiders and wasps (Bradler & Buckley, 2018). Plant crypsis does not end at the 

stick insect’s body morphology; for example, the eggs are hard and shaped to mimic plant seeds 

(Bradler & Buckley, 2018; Goldberg et al., 2015). The eggs are typically oviposited by being flung from 

the female; however, some species carefully place them (Bradler & Buckley, 2018; Hughes L & 

Westoby M, 1992). The morphology of the eggs between the species is vast and can be used to identify 

different species (Cubillos & Vera, 2020; Salmon, 1991). Stick insects are hemimetabolous and thus do 

not undergo complete metamorphosis. As a result, stick insects do not have a larval stage and hatch 

as a nymph out of the eggs. Stick insects go through six moulting stages before reaching their sexually 
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mature adult morph (Myers et al., 2015; Stringer, 1970). Once adult, stick insects typically live for only 

a few months (Myers et al., 2015).  

Many extant Phasmatodea are wingless or have short wings; however, most extinct stick insects had 

fully developed wings (Yang et al., 2019). Some species have sexual dimorphism between being flight-

capable and flightless, like the Australian stick insect Extatosoma tiaratum (Hill et al., 2020; Sakamoto 

et al., 2021). Loss of flight capabilities decreases dispersal abilities and can geographically isolate 

populations, which leads to declines in genetic variation, and may cause speciation (Waters et al., 

2020).  

There is a large metabolic difference between flight-capable and flightless animals, as there is a 100 

fold increase in metabolism during flight (Steele, 1981). A recent paper compared the nutrient 

metabolic systems of flight-winged, flightless-winged and flightless-wingless stick insect groups using 

midgut transcriptome data (Sakamoto et al., 2021). Using a gene enrichment analysis for differentially 

expressed genes, it was found that when they compared flight vs flightless and winged vs wingless 

groups that carbohydrate metabolic process-related genes were highly expressed in the winged stick 

insect group compared to the wingless stick insects (Sakamoto et al., 2021). 

Globally, the research on stick insect physiology focuses on digestion; however, there are a few 

thermal biology studies on the freeze-tolerant vs freeze avoidant strategies of stick insects. There was 

evidence found of freeze-tolerant and freeze avoidant stick insect species in both the research on the 

Chilean alpine stick insect Agathemera crassa (Cubillos et al., 2018) and of the New Zealand stick 

insects (Dennis et al., 2013, 2015; Dunning et al., 2014).  

There are currently two published research articles on stick insect metabolism, the first being on the 

Chilean stick insect A. crassa (Thienel et al., 2015) and the second on the Australian stick insect 

Extatosoma tiaratum met (Hill et al., 2020). Thienel et al. (2015) used metabolism to explore how gas 

exchange patterns change across different temperatures. It was found that there was a consistent 

shift from DGE and CyGE gas exchange patterns to CoGE patterns with an increase in temperature 

(Thienel et al., 2015). Hill et al. (2020) explored how three different plant diets influence metabolic 

rate across different temperatures, using temperature ramping at a rate of 0.25°C per minute from 

5°C to 42°C. It was found that substrate diet impacted the metabolic rate at higher temperatures, but 

not colder temperatures  (Hill et al., 2020). 
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1.2.1 Stick insects of New Zealand 

New Zealand has formally identified 23 species of endemic extant stick insects, which all vary in 

geographic distribution, habitat, and size (T. R. Buckley et al., 2010). The New Zealand stick insects fall 

into two subfamilies, Phasmatinae (tribe: Acanthoxylini) and Pachymorphinae (tribe: 

Pachymorphinini) (Jewell & Brock, 2002). New Zealand stick insect habitats range from lowland and 

scrub forests through to high alpine zones, as well as almost all offshore islands, excluding the 

subantarctic islands (T. R. Buckley et al., 2010). Most New Zealand stick insect species are not at risk 

of being endangered; however, there are a few species at risk, such as Tepakiphasma ngatikuri, which 

is listed as nationally critical, and some offshore islands species that are naturally uncommon (T. R 

Buckley et al., 2016). New Zealand has one freeze avoidant stick insects, Micrarchus nov. sp. 2 and two 

species that are freeze tolerant, Niveaphasma annulate and Tectarchus salebrosus (Dennis et al., 

2015). 

1.2.1.1 Morphology and Ecology 
Adult New Zealand stick insects range from 4.8 – 15cm in size (Salmon, 1991). Stick insects in New 

Zealand are a cryptic species, just like the wider order of Phasmatodea. Both the males and females 

of all of the New Zealand stick insects species are flightless, unlike some other species globally that 

utilise flight for mate seeking and predator avoidance (Yang et al., 2019). Some closely related species 

from New Caledonia and Australia do have wings and the ability to fly (Figure 6). As New Zealand stick 

insects are flightless, they have limited dispersal between populations, which can have genetic 

consequences (Waters et al., 2020). Due to the heightened geographic isolation, there are some 

interesting population dynamics in stick insects. For example, at least 10% of all stick insect species 

globally are parthenogenic (Scali, 2009); however, the New Zealand species Clitarchus hookeri not only 

has parthenogenesis, but they have some populations that are parthenogenic and some populations 

that reproduce sexually (Morgan-Richards et al., 2019; Wu et al., 2017). Further, all of the Acanthoxyla 

prasina are obligate parthenogens with unknown phylogenetic origins (Trewick et al., 2008). 

Hybridisation among stick insects is common (Morgan-Richards et al., 2009), and thus it is currently 

thought that Acanthoxyla prasina hybridised from Clitarchus sp. as they are allotriploid and have 

similar morphology (Buckley et al., 2008; Trewick et al., 2011) 

1.2.1.2 Phylogeny  

There have been several published phylogenies of New Zealand stick insects in the past decade, as a 

result of cold-tolerance studies by (Dennis et al., 2015; Dunning et al., 2013). Both New Caledonia and 

Australia are Gondwanan countries and thus have evolved from similar ancestral groups that the New 

Zealand stick insects did. Therefore, the closest phylogenetic relationship to New Zealand stick insects 
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are the New Caledonian stick insects, where the Australian stick insects are the next closest in relation 

(Figure 6).  

There are three distinct phylogenetic groups within the New Zealand stick insects (Figure 6). The first 

and most basal branch contains just one species, Spinotectarchus acornutus. The second branch 

contains four of the study species, Tectarchus salebrosus, Micrarchus Nov. Sp. 2, Micrarchus 

hystriculeus and Tectarchus huttoni, which all tend to be the smaller and temperate species. The third 

branch contains the largest of the New Zealand stick insect species, including Argosarchus horridus 

and two of the study species, Axanthoxyla sp. and Clitarchus hookeri. 

 

Figure 6: Phylogenetic relatedness of New Zealand, New Caledonian, and Australian stick insects. The red stars 
indicate the study species in this thesis. The phylogenetic tree was constructed using 15,077 bp from 19 genes 
with branch lengths proportional to the estimated number of substitutions per site. Image modified from 
Dunning et al. (2013) under a creative commons licence. 
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We selected New Zealand stick insects for this study, as we are interested in building up knowledge 

about their biology and have access to a genetic reconstruction of their phylogenetic relationship. 

Stick insects are easy to study, as they are widely distributed, occupy various ecological, longitudinal, 

and altitudinal habitats, and keep well in a lab setting. Further, their catalepsy is useful for resting-

metabolic-rate respirometry, as they move minimally and are very docile animals. 

 

1.3 Aims and Objectives 

The global increase in temperature is predicted to have detrimental impacts on the survivability of 

organisms. The use of metabolic rate and level of water loss are vital to understanding organism stress. 

New Zealand stick insects have a wide ecological, latitudinal, and altitudinal range and therefore make 

for good model organisms. 

The overall aim of this thesis is to find if different New Zealand stick insects species have short-term, 

phenotypic plasticity, or long term, evolutionary adaptations, in response to temperature changes. 

We will be exploring metabolism and cuticular water loss to help us better understand the ecology 

and physiology of these stick insects. In addition, we aim to be able to make insights into how climate 

change may impact the abundance of New Zealand stick insects in the future.   

We will focus on three main research questions to answer the overall aim of this thesis: 

Question one: Is there plasticity in the thermal sensitivity of metabolic rate within New Zealand 

stick insects, and are there long-term evolutionary adaptations between species? 

We will test if there is any evidence of thermal plasticity by acclimating individuals at 10°C and 20°C 

within species. We will create thermal performance curves (TPC) and use mixed linear models to test 

for statistical difference. We will compare the TPCs, mixed linear models  and phylogenetic 

independent contrasts between the species to determine if there are any long term adaptations of 

metabolic rate and cuticular water loss. 

Question two: Is there evidence to support the metabolic cold adaptation in New Zealand stick 

insects? 

We want to test the metabolic cold adaptation theory, in which cold-climate species are expected to 

have higher metabolic rates at any given temperature when compared to warm-climate species 

(Addo-Bediako et al., 2002; Schaefer & Walters, 2010).  
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Question three. How does the cuticular water loss of New Zealand stick insects vary between arid 

and non-arid environments? 

This research question aims to determine if there is evidence for the desiccation adaptation 

hypothesis, where it is expected that species in colder and more arid environments, will have 

adaptations to minimise desiccation through cuticular water loss. (King & Sinclair, 2015 & Schilman et 

al., 2005). 
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Chapter 2: Methodology 
 

 

Image: Night-time collecting on a foggy night at Sewell Peak, Greymouth. The image was taken by the author 

 

This study uses one consistent methodology for the data collection, and thus this chapter will explain 

the processes of the specimen collection, flow-through respirometry, data processing and statistical 

analyses. 

2.1 Study species, collection, and housing 

Experiments were conducted on the variation in metabolic rate, water loss and gas exchange with 

temperature acclimation on seven different species of New Zealand stick insect. The geographic 

distribution, habitats, population sex and natural vegetation varies between and within the twenty-

three species of New Zealand stick insects (Salmon, 1991). The seven species of stick insect that were 

chosen for this experiment represent the majority of the phylogenetic (from Dennis et al., 2015) and 

geographic diversity of New Zealand stick insects (Figure 7). The stick insects in this study also vary in 

habitat occupation, vegetation preference and reproductive strategies across populations  (table 1). 
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Figure 7: Phylogeny and distribution of New Zealand stick insects. A) figure of the phylogeny of ten species of New 

Zealand stick insect modified from Dennis et al. (2015). Species with red stars indicate the study species. B) Geographic 

distribution of collection sites of seven New Zealand stick insect species. Spinotectarchus acornutus was collected in 

Nihotupu Dam reserve walk, Auckland, 280m (-36.864849, 174.4726). Clitarchus hookeri was collected in the Auckland 

Botanical Gardens, 90m (-36.99862, 174.911697), Auckland. Micrarchus hystriculeus and Tectarchus huttoni were 

collected in Ōtari-Wilton's Bush, Wellington, 100m (-41.267374, 174.75849). Acanthoxyla prasina was collected on 

private property in Greymouth, 80m (-42.403701, 171.21573), whereas Micrarchus nov. sp.2 was collected from 

Sewell Peak, Greymouth, 760m (-42.409616, 171.339766). Tectarchus salebrosus was collected from Kaituna Valley, 

Christchurch, 20m (-43.743154, 172.688623).  

Study species were collected in various locations throughout New Zealand, including Auckland, 

Wellington, Greymouth, and Christchurch (Figure 7). The collection of specimens was carried out 

throughout the summer period of December 2020 to March 2021.  If the stick insects were collected 

outside of Auckland, they were transported to the lab in plastic containers filled with a substrate to 

provide food and padding for protection during transport. The stick insects were collected at night; 

we typically began searching an hour after sunset. Stick insects were identified by the naked eye; 

however, there was occasional beating on very dense bushes. We focused on collecting adult 

specimens; however, on occasion, younger nymphs were collected during the daytime if there was 

difficulty finding the quantity of adults needed for the experiment. These younger instars were raised 

in the lab until they reached their final adult moult and started producing eggs. This study was 

comprised of all female specimens for two reasons. The first was that some of our study species have 

parthenogenic (female-only) species or populations (table 1), and thus we would not be able to 

compare male specimens across all of the species. Secondly, it has been shown that sex can influence 

respirometry (Gibbs et al., 1997) and thus, only one sex was used to avoid this confounding variable. 
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Table 1: Distribution and habitat of study species. Different species or populations can be sexual 
indicated as ♀ ♂, or parthenogenic, indicated with ♀. Modified with permission from Wootton 
(2020).	

 

Species Distribution Habitat Vegetation ♀ ♂ Populations 

 

Acanthoxyla 

prasina 

 

 

Forest and 

Scrub 

 

Blackberry (R. fruticosus) 

and White rata  

(M. perforata) 

 

♀ only 

 

 

Clitarchus 

hookeri 
 

 

Forest and 

scrub 

Tōtara (Podocarpus totara) 

and Manuka 

(Leptospermum 

scoparium) 

 

♀ ♂, and ♀ 

 

 

Micrarchus 

hystriculeus 
 

 

Forest 

 

White Rata (M. perforata) 

and rosebush () 

 

♀ ♂ 

 

 

Micrarchus Nov. 

sp. 2 

 

 

Sub-alpine 

 

Manuka (Leptospermum 

scoparium) 

 

 

♀ ♂ 

 

Spinotectarchus 

acornutus 
 

 

Forest 

 

White Rata  (M. perforata) 

 

♀ ♂, and ♀ 

 

Tectarchus 

huttoni 
 

 

Forest 

White Rata  (M. perforata) 

and piripiri (Acaena 

anserinifolia) 

 

♀ ♂, and ♀ 

 

Tectarchus 

salebrossus 
 

 

Sub-alpine 

and scrub 

 

 

Blackberry (R. fruticosus) 

 

♀ ♂ 
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After collection, stick insects were acclimatised to lab conditions for at least seven days before any 

experimental trials began. In the lab, the stick insects were housed in large mesh netting cages, filled 

with plant substrate (Pohutukawa, Metrosideros excelsa, white rata, Metrosideros perforata, or 

blackberry, Rubus fruticosus), with natural sunlight and kept at room temperature. The cages were 

sprayed with Reverse-osmosis filtered water daily and had the plant substrate changed once or twice 

a week for freshness. The stick insects that were not adults at collection were raised until they were 

adult morphs and were producing eggs.  

For the experiments, stick insects were evenly but randomly assigned to a seven-day acclimation 

treatment of either 10°C or 20°C. Other studies on acclimation and metabolism acclimated their study 

species close to their natural habitat temperatures to be able to observe how their TPC would look 

with current environmental acclimation (Shah et al., 2021). Instead, this study chose to use two 

treatment temperatures that were applied to all of the species in the study. The average NZ 

temperature ranges from 10°C in the South Island to 16°C in the North Island (NIWA, 2012)  Further, 

these two temperatures were chosen to match the treatment temperatures from other stick insect 

performance experiments in our lab group. By standardising our treatments across our lab group 

studies, we will be able to collate all of our data for later comparisons and publications. Further, using 

acclimation treatments allows us to test for plasticity, and also allows us to standardise the 

comparisons between species, as without the two treatments to compare results against, we would 

not know if acclimation temperature influences the physiological traits. 

The stick insects were placed into individual containers for the length of the experiment and housed 

in thermoregulated chambers, a Panasonic incubator model MR-254-PE for 20°C, and a walk-in 

chamber for 10°C. Both chambers had timer-controlled lamps and were set to receive a cycle of 14 

hours of light and 10 hours of darkness. The stick insects received Pohutukawa leaves, M. excelsa, as 

a substrate throughout the experiment. 

 

2.1.1 Insect marking system 
Stick insects of the same species were housed together, so we used a numbering system to track the 

individuals. To number the stick insects, we used a method proposed by (Painting & Holwell, 2014), in 

which we used posca paint pens on different body segments to indicate the number. We marked the 

stick insects on their ventral side rather than the dorsal side due to some species have many spines 

on their dorsal surface. 
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Figure 8: The Numbering system used on the stick insects. Letters A-E represent the segment, where the 

colours indicate the number. The examples show the different colours on the segments to indicate the ID. This 

system was adapted from Painting and Holwell (2014).  

 

2.2 Flow through Respirometry 

This thesis aims to record how metabolic rate and water loss of stick insects change across 

temperature acclimation. Flow-through respirometry is a powerful tool that can record metabolic 

rate, water loss and gas exchange patterns by recording individuals’ VCO2 and H2O production. 

Respiration was recorded using a Sable Systems international (SSI) classic line respirometer (Figure 9) 

which fed data from the universal analog-digital interface (UI-2, SSI) to a USB-connected computer 

running Expedata software (version 1.8.5) (Figure 9). Insects were placed inside a 50ml falcon tube 

with an entry and exit tube for air, that was inside a MIR-154 Sanyo incubator (Figure 9). The gas used 

in this experiment was span gas air, which was cleaned with a scrubber column to remove any 

moisture and residual CO2 in the span gas. The scrubber column consisted of three layers Drierite, 

Ascarite, and another layer of Drierite (Drierite Laboratory Gas Drying Unit, Ohio, USA). The airflow 

was controlled via a mass flow valve (Sierra Instruments, Monterey, CA, USA) and set to 100 ml/min 

using a mass flow control unit (MFC-2, SSI) (Figure 9). An air stone was placed within the insect 

chamber to mix the incoming gas (Aqua One Airstone Ball 50mm, Sydney, Australia)(Figure 9). The 

flow rate coming out of the system was recorded using a mass flow meter (FlowBar-8, SSI) to confirm 

there were no leaks in the system. This flow rate was recorded real time along with the excurrent air 

from the experimental chamber using a CO2 analyser (CA-10a, SSI) and water vapour analyser (RH-

300, SSI) (Figure 9). 

To ensure that the air in the tube system was the same temperature as the chamber/experiment, 

extra tubing was added to allow for the air to heat up to the correct trial temperature before entering 

the insect chamber. Furthermore, to improve the accuracy of the trial temperature, a thermocouple 
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was added just before the entrance of the insect chamber, which gave us real-time temperature 

readings inside the tube. This was useful as it allowed us to check that the tubing was adequately 

heating the air to the correct trial temperature. Further, insect activity was recorded using  an activity 

detector (AD-1 Activity Detector, SSI) to ensure resting metabolic rates were measured. 

Figure 9: Schematic of a Sable Systems International Flow-through respirometer. The Components are shown 

as to how they were set up in the laboratory. The figure is used with permission from Wootton (2020). 

Food was removed sixteen to twenty-four hours prior to each trial to give a starvation period. The 

starvation was used to observe a metabolic rate without digestion, as well as to minimise the risk of 

frassing events or further water loss during experiments. The experiment consisted of three to five 

trials for one individual, depending on the species, and thus after an experimental trial, the stick 

insects were placed back into their acclimation treatment with food and were allowed to recover for 

a forty-eight-hour period. To maximise trials and recovery periods between the trials, two batches of 

three stick insects were run together on alternating days. Individuals were removed from the 

acclimation treatment right before their trial and were weighed prior to and subsequent to each 

experiment using a scale with 0.001g precision (Mettler Toledo Excellence XS4002S Precision Balance, 

Greifensee, Switzerland). Each trial lasted two hours and twenty-five minutes, where VCO2, water loss 

and gas exchange patterns were recorded for a two-hour period. The extra trial time consisted of a 

five-minute machine flush, a five-minute baseline recording and a five-minute chamber flush before 

the recording and a five-minute baseline flush and a five-minute baseline recording at the end. The 

chamber’s flushing is essential because it means there is clean air in the chamber before recording. 

Flushing and recording the VCO2 and H2O in the machine is necessary because it gives us a baseline 
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VCO2 and H2O reading without the stick insects impacting it. This is important for data analysis, as we 

need to find the true zero VCO2 and H2O values.  

 

2.3 Scheduling 

The workload and scale of this thesis quickly became apparent when it came down to scheduling. In 

the initial planning for this thesis, I had planned to run a greater number of specimens and species. 

Each experimental trial takes two and a half hours to run (see appendix 7.2.2), and thus three trials 

could realistically be run in one day, a total of seven and a half hours of recording each day.  

Each individual stick insect would experience one temperature trial and be given a recovery period 

and a starvation period before the subsequent trial. This meant that two batches with three individuals 

at a time could be run on alternating days.  

Initially, it was planned to trial each stick insect species with five temperatures; however, after the 

preliminary trials, we realised that the length of the experimental trials and the limited adult lifespan 

of the stick insects meant that we had to reduce a combination of the number of species, number of 

individuals and the number of temperatures that we test. Finally, we decided to reduce the number 

of species down to seven, rather than the initial twelve planned, as we thought that the seven species 

would still capture the phylogenetic and geographic diversity of New Zealand stick insects (Figure 4). 

Further, the sample size of each species was reduced from twenty (ten per acclimation treatment) to 

sixteen (eight per acclimation treatment). Lastly, the number of test temperatures each individual 

experienced was reduced from five temperatures each to three (see sections 2.3.1 and 2.3.2 below 

for details). This means that the species with five temperature trials would take nine working days for 

an individual to complete the experiment, and the species which had three temperature trials would 

take five working days. 

2.3.1 Five-temperature trials 

Research by lab associates involved measuring feeding rates at eight different temperatures; however, 

testing eight different temperatures is outside the scope of this thesis. For this reason, I chose to run 

all Clitarchus hookeri individuals with five temperatures trials. Clitarchus hookeri is the ‘common’ or 

‘smooth’ New Zealand stick insect. Unpublished research from our lab indicated there might be 

plasticity in their feeding rate, and thus we chose to explore their thermal performance in depth by 

building up a larger sample size for each temperature. For the rest of the study species (see section 

2.3.2), we had to reduce the number of trial temperatures and the sample size so that we could fit 

them all into a one-year thesis 
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Eighteen individuals were trialled, where there were nine individuals per acclimation treatment. Each 

individual was trialled at all of the five different temperatures (5°C, 10°C, 20°C, 30°C and 35°C). The 

stick insects were exposed to the different trial temperatures in the following order: 20°C, 10°C, 30°C, 

5°C, 35°C.  The most stressful temperature, 35°C, was chosen to be tested last, as it may impact 

subsequent readings.  

2.3.2 Three-temperature trials 

Due to time restraints and the relatively short stick insect lifespan, trialling all of the five temperatures 

on all of our study species other than Clitarchus hookeri was outside the scope of this research. 

Instead, the individuals of the other species were trialled at three temperatures, across the same five 

temperatures as Clitarchus hookeri, 5°C, 10°C, 20°C, 30°C and 35°C. We chose to use 20°C as the 

temperature that all of the individuals would be trialled at. To evenly distribute the trials across the 

other four temperatures, 5°C, 10°C, 30°C and 35°C, different treatment combinations were generated 

(Table 2). Each individual was randomly chosen to experience one of the cold temperatures, 5°C or 

10°C and then one of the warm temperatures, 30°C or 35°C (Table 2). As there were four treatment 

combinations, we chose to have two individuals per treatment, totalling eight individuals per 

acclimation treatment and sixteen individuals per species. 

Using this method reduces the total sample size for the four temperatures of 5°C, 10°C, 30°C and 35°C; 

however, I decided that it was better to capture the broader range of thermal response with a smaller 

sample size than only three temperatures such as 10°C, 20°C and 30°C with higher sample sizes. Opting 

for a broader temperature range is beneficial in answering the research question about thermal 

sensitivity, as it increases the ability to determine the overall rate of change rather than having higher 

accuracy at fewer temperatures. 

Table 2: Treatment combinations for three temperature experimental set up. A one indicates the trial 
temperature in the treatment, where zero indicates the trial temperatures not in the treatment. These 
treatment combinations were used on all of the species other than Clitarchus hookeri. 

 
COLD MEDIUM HOT 

Treatments 5°C 10°C 20°C 30°C 35°C 

T1 0 1 1 1 0 

T2 0 1 1 0 1 

T3 1 0 1 1 0 

T4 1 0 1 0 1 
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2.4 Expedata 

The output of the respirometer data was recorded using an external programme, ExpeData (version 

1.8.5). The ExpeData recording parameters (appendix 5.3.1) were set up to record data for a set 

amount of time, as follows. The respiration of the stick insects was recorded for a two-hour period. 

On each side of the two-hour insect chamber recording, a five-minute period of the VCO2 and H2O 

levels was recorded from the air in the gas tank without the insect chamber. This recording allowed 

us to record the inherent VCO2 and H2O content that fluctuates in the system without interference of 

the stick insect. We used the five-minute recordings to ‘baseline’ our stick insect's VCO2 and H2O 

readings to stop inter-trial gas variation from affecting the results. Furthermore, before each five-

minute baseline and the two-hour chamber was recorded, the recording was paused for five minutes 

to let the airflow through and flush out any residual non-scrubbed air in the system. 

After data recording, the first step of the data editing was to convert the recording into useable units 

and to baseline the recording (see appendix 5.4.1). The conversion equations that were used in the 

macro code are as follows; the VCO2 analyser was recorded in ppm and was converted to VCO2 in μL/h 

using; 

!!"# "
#$
#%&' 	= 	

!!"#(++#)
1000000 × 0$12 4567	 " #$#%&'	 

!!"# "
89
ℎ ' 	= 	!!"# "

#$
#%&' × 1000	 "

89
#%&' × 60 "

#%&
ℎ ' 

The water vapour analyser was recorded in #g/mL and was converted to VH2O in mg/h using; 
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The volume of water vapour was converted to a mass of H2O by using the adjusted mass flow rate 

from the methodology in Lighton (2008). A five-minute recording of the air in the system was added 

to each recording so that I could obtain the reading of VCO2 and H2O without the interaction of the 

organism. The five-minute recordings were averaged and used to baseline the recordings and remove 

bias between variation in VCO2 and H2O levels across trials. A macro code was used within Expedata 

to automate this section of the processing, as all of the steps are consistent with each file (Appendix 

5.4.1). For extracting the data, a thirty-minute section of the recording was selected. To select the 

section for analysis, we used macro codes within Expedata to automate some of the process (Appendix 

5.4). This selection was chosen to best reflect the insect’s respiration type for that recording. There 
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are two main breathing patterns that the stick insects used, which are Continuous Gas Exchange 

(CoGE) and Cyclic Gas Exchange (CyGE); however, there were a few instances of Discontinuous gas 

exchange (DGE). The pattern variation and VCO2 levels varied between species; examples from 

Acanthoxyla prasina and Tectarchus huttoni have been provided (figure 10).  

 

Figure 10: Example traces of gas exchange patterns in two species, Acanthoxyla prasina and Tectarchus 
huttoni from Expedata. Where A) Continuous gas exchange; B) Cyclic gas exchange; and C) Discontinuous gas 
exchange are of different Acanthoxyla prasina individuals at 20°C and where D) is continuous gas exchange; E) 
is Cyclic gas exchange of Tectarchus huttoni individuals at 20°C. These traces are the raw data after being 
converted to the correct units and before being baselined. As a result, the traces are higher than the final result. 

 

Time (min) 
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Initially, a macro code was created that allowed the programme to select the lowest CO2 readings of 

the recording, which would then be averaged. This, along with some other calculated values, would 

then be recorded down onto a spreadsheet, which would be the recorded data values. One of the 

calculated variables was respiratory water loss (RWL), which was calculated by subtracting the 

intercept (cuticular water loss as CO2 = 0) from the total water loss. This method did not work 

accurately for two main reasons.  

The first reason was that the type of breathing pattern vastly changed the recorded average, as cyclic 

patterns have large spikes, whereas continuous is a constant lower amount of VCO2 release. The 

second reason was that the programme would not take spikes in insect activity or water loss, from 

frassing events, into account for the selection, therefore giving biased results for water loss values and 

VCO2 values. Therefore, we switched to a manual inspection of every file.  

During manual inspection, the breathing patterns would be determined and checked for bias in water 

loss or insect activity spikes (see appendix 5.4.3 for rules on pattern determination). Depending on 

the gas exchange pattern that was observed, and if it were not biased, the best area would be selected. 

The selection would then be marked with a code that matched the breathing pattern (see appendix 

5.4.2). If a file were identified to be CoGE and did not have any abnormalities, it would be closed 

without being assigned a marker. This was because the original macro code would be able to select 

the lowest VCO2 without it biasing the data. For the CoGE that did have spikes, the best area would be 

manually selected. For the CyGE, four cycles would be selected and marked. After the files had been 

marked, a macro code was run that extracted the data for the cyclic and manually selected continuous 

files that used my markers and let the programme select a thirty-minute recording for the continuous 

files (see appendix 5.4). 

 

2.5 Statistical analysis 

All statistical analyses were performed using R (version 4.0.5) in R studio (version 2021.09.0). Both 

VCO2 and cuticular water loss data underwent the same statistical analysis and data visualisation. 

Mixed linear models were created and analysis of variance (ANOVA) was used to test for the statistical 

significance between the variables of interest. Both the mean VCO2 and cuticular water loss data were 

analysed using mixed linear models in the nlme package in R (version 4.0.5).  

The fixed effects for the mixed linear model for the metabolic rate analysis were mean VCO2, test 

temperature and acclimation. Mass and the ID of each individual were included as random effects. 
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Similarly, for the cuticular water loss analysis, mean cuticular water loss, test temperature and 

acclimation were included as fixed effects, and mass and the ID of the individual were included as 

random effects. Initially, mass was fit as a fixed effect; however, for the final model, we fit mass and 

the ID of each individual as a random effect to block for the variation from the experimental design.  

The best ANOVA model fit for both the CO2 and CWL data was selected within each of our seven stick 

insect species using the Akaike Information Criterion (AIC). ANOVA models were compared with 

second-order terms logged and unlogged data. Throughout model selection maximum liklihood was 

used which was converted back to restricted maximum likelihood after model selection for the final 

ANOVA coefficient results. These models were also compared with and without test temperature vs 

acclimation interactions terms. When fitting a second-order term for the CO2 data, there was not a 

universal improvement in fit and not enough degrees of freedom, as we corrected for batch effects 

and had limited sample sizes. Therefore, to be consistent with our model scaling across all of the 

species, a logged model was used as the final fit for the CO2 data. The final model fit for the cuticular 

water loss data was the non-logged model, as neither the second-order term nor the logged models 

significantly improved the model fit.  

Analysis of variance was also used to test for a difference between all of the species, with the addition 

of species as a fixed effect. For the models that had a statistically significant difference, with a 

significance threshold of 0.05, between species, we ran a Tukey test using the aov function (stats 

package version 3.6.2) to interpret the difference between the species. We then used the matrix to 

group the differences between species. 

To contrast the effect that environmental variables may have between species, a phylogenetic 

independent contrasts (PIC) developed by (Felenstein 1985) was created to account for the effects of 

phylogenetic relationships between the species. First, we reconstructed a phylogenetic tree based on  

(Dennis et al., 2015) for the seven species of New Zealand stick insect in my experiment and imported 

it using the R package phytools (Revell, 2012). Environmental data was retrieved using the Worldclim 

data set, using the collection coordinates of stick insect populations (Hijmans et al., 2005). 

Initially, each of the environmental variables was run with each test temperature at the two different 

acclimation treatments, which resulted in large volumes of results and graphs. To reduce the quantity 

of output and to see how environmental variables affect the data across the entire range of test 

temperatures, a slope and intercept were calculated for both the 10°C and 20°C acclimation 

treatments and both the metabolic rate and cuticular water loss data. This led to models being created 

for the acclimation treatments independent of one another. The significance of the environmental 

variables was then tested, and a table was created to output the p-value, Fstat, numDF and denDF 
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values. These results were also visualised to see the positive or negative relationships and recorded 

the R2 value. 

 

2.6 A stick-y situation: The influence of COVID-19 

During my research year, there have been two major periods of interruptions to my research from 

covid-19. The first lockdown was from the 14th of February to the 22nd of February (New Zealand 

Government, 2022). This lockdown was during the primary time of field collection, as well as being 

during a critical part of data collection. The second and largest lockdown New Zealand has seen to 

date started on the 17th of August, where New Zealand went into lockdown level 4 at midnight, six 

hours after it was announced in the evening (New Zealand Government, 2022). Due to the abruptness 

of the lockdown alert levels changing on August 17th, I was in the middle of my experiments.  

For both of these lockdowns, there were delays in running my daily experiments. I was permitted to 

get back into the lab at level 2 for the first lockdown and at a reduced capacity at level 3 for the second 

lockdown; however, I had to wait a week for the insects to acclimate at the beginning, which further 

delayed my ability to restart my sampling and finish my experimental data collection. In total, I was 

required to stay at home for an extended time due to lockdown levels 4 and 3. 

Insects that were active in experiments during the lockdowns were removed from further trials 

because they would either be acclimated too long or have partially completed experimental trials. 

Further, more prolonged exposure to the acclimation treatments also caused some of the insects to 

die. For some species with limited individuals, we chose to include the individuals who were exposed 

to an acclimation regime after giving them some time in the normalised housing before starting the 

experiment and the acclimations again. 

 

2.7 Ethics considerations 

Stick insects are a taonga, treasured species in New Zealand. Research on insects is currently not 

required to undergo any form of ethics approval. Despite this, care was taken to be as ethical to the 

study organisms as possible. For example, the stick insects were housed in large cages with fresh 

foliage so that they were able to move about as they would do naturally. After experiments were run, 

the stick insects were not killed and instead placed in the “retirement home” cage, where they could 

live, eat and lay eggs until natural death occurred. The retirement plan served a dual purpose, as these 
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stick insects could be used in other experiments for other students, as well as being an educational 

tool when shown to visitors. 

This research obtained DOC permits to collect from reserves, Auckland Council (permit CS86) and 

Dunedin council. We were also given permission to collect from the Forest and Bird reserve at Matuku 

and in the cascades park. For the locations we have permits for, we also have permission from the 

local Iwi. Research on stick insects has been going on for a few years in our lab.  To minimise the impact 

of repetitive sampling on the same wild populations of stick insects, we limited the individuals needed 

for our research as much as possible.  

 

2.8 Taxonomic specimen collection 

In addition to my experiments, some of the specimens were pinned and added to the New Zealand 

Arthropod collection. The specimens are in the process of being databased and will be available on 

my personal ORCID in the future. I decided to pin some of my specimens to act as vouchers so future 

researchers can confirm my identifications and add them to the national collection.  
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Chapter 3: Results 

 
Image: Micrarchus nov. sp. 2 with exquisite colouration getting moved to the recording chamber. The image was taken by 

the author. 

 

Data was recorded across 270 days, with most days consisting of seven hours of recording each day. 

Data from 119 stick insects were used in the final results, where the preliminary and void recordings 

from individuals are not included in this time and individual count. The average mass and mass range 

varied between the different species of stick insect (Table 3).  

Table 3: Range and average body mass for females of seven species of stick insect. Values were calculated from 
the individuals in the experiment. 

Species Average Mass (g) Mass Range (g) 

Acanthoxyla prasina 1.80 1.06 - 2.40 

Clitarchus hookeri 1.06 0.68 - 1.37 

Micrarchus hystriculeus 0.39 0.28 - 0.54 

Micrarchus nov. sp. 2 1.26 0.95 – 1.86 

Spinotectarchus acornutus 0.58 0.48 - 0.70 

Tectarchus huttoni 0.53 0.41 - 0.75 

Tectarchus salebrosus 0.41 0.32 – 0.50 
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3.1 Metabolic Rate 

3.1.1 Thermal performance curves 
The thermal performance curves (TPC) between the two acclimation treatments were constructed for 

each individual species. Across all species, metabolism increased with an increase in the temperature 

for all species (Figure 11). The average mass corrected metabolic rate range across the five test 

temperatures is greatest in Clitarchus hookeri, Acanthoxyla prasina and Spinotectarchus acornutus 

(Table 4). The mean metabolic rates of Acanthoxyla prasina at the 35°C trial temperature between the 

10°C and 20°C acclimation treatments vary widely, and were calculated to be 996.98 and 423.79 

µL/h/g respectively. The range for metabolic rate is considerably lower for Tectarchus huttoni, 

Tectarchus salebrosus, Micrarchus hystriculeus, and Micrarchus Nov. sp. 2 (Table 4).  

The patterns of the performance curve (Figure 11) show that 10°C acclimation treatment for  

Acanthoxyla prasina has a higher metabolic rate for 20°C, 30°C and 35°C test temperatures compared 

to the 20°C acclimation treatment. Likewise, the 10°C acclimation treatment for Clitarchus hookeri 

and Micrarchus hystriculeus both have significantly higher metabolic rates at 30°C and 35°C. 

Spinotectarchus acornutus and Tectarchus huttoni both have significantly higher metabolic rates at 

the 20°C test temperature for the 20°C acclimation treatment compared to the 10°C treatment. 

Tectarchus salebrosus has an almost linear increase in metabolic rate for the test temperature for both 

the acclimation treatments; however, the 20°C acclimation treatment has a decreased metabolic rate 

only at the 30°C test temperature (Figure 11). The 20°C acclimation treatment for Micrarchus nov. sp. 

2  has a higher metabolic rate at 5°C and 10°C test temperatures compared to the 10°C treatment 

(Figure 11). All of the other test temperatures for the seven species did not have significant differences 

between the acclimation treatments. 
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Table 4: Average mass corrected VCO2 of seven species of stick insect at 5, 10, 20, 30 and 35°C, averaged 
across both acclimation treatments. The 95% confidence intervals were calculated from the standard error 
using the appropriate z-score multiplier. All values rounded to 2 d.p.   

Species 
Average VCO2 (µL/h/g) 

5°C 10°C 20°C 30°C 35°C 
Acanthoxyla prasina 49.65 ± 13.25 123.37 ± 39.33 313.24 ± 100.21 501.27 ± 198.90 635.79 ± 267.31 
Clitarchus hookeri 49.95 ± 4.29 85.22 ± 9.56 317.35 ± 43.13 563.80 ± 60.02 914.51 ± 92.38 

Micrarchus hystriculeus 60.06 ± 5.07 112.59 ± 9.11 171.67 ± 10.09 300.62 ± 38.62 309.48 ± 17.36 

Micrarchus nov. sp. 2 45.89 ± 10.92 87.07 ± 26.48 242.18 ± 34.80 387.44 ± 92.71 434.28 ± 115.95 
Spinotectarchus 
acornutus 

71.68 ± 5.77 89.31 ± 6.81 222.30 ± 14.95 486.66 ±  63.73 645.55 ± 61.68 

Tectarchus huttoni 53.17 ± 4.98 74.84 ± 16.77 164.11 ± 16.02 233.35 ± 27.48 347.36 ± 71.41 

Tectarchus salebrosus 54.89 ± 5.02 74.79 ± 7.55 194.31 ± 10.37 275.61 ± 20.47 374.52 ± 17.06 
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Acanthoxyla prasina Clitarchus hookeri 

Micrarchus hystriculeus Micrarchus nov. sp. 2 



 
 

36  

Figure 11: Thermal performance curves of mass corrected VCO2 production. The 
species are; A) Clitarchus hookeri; B) Spinotectarchus acornutus; C) Tectarchus 
huttoni; D) Micrarchus hystriculeus; E) Tectarchus salebrosus; F) Acanthoxyla 
prasina; and G) Micrarchus nov. sp. 2. The coloured numbers indicate the sample 
size at each test trial point. The error bars were calculated using standard error. 

Tectarchus huttoni Tectarchus salebrosus 

Spinotectarchus acornutus 
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3.1.2 Analysis of Variance 
We ran ANOVA models on mixed linear models using the nlme package in R (version 4.0.5) to test the 

statistical significance that acclimation treatments may have on the metabolic rate of seven species 

of stick insect. The following results are based on the models that best fit our data (table 4) detailed 

in methods (section 2.5).  

It was found that three species of stick insect, Acanthoxyla prasina, Clitarchus hookeri and Micrarchus 

nov. sp. 2, have statistically significant differences in their metabolic rate between the two acclimation 

treatments (table 4). Further, all seven species of stick insect were found to have statistically 

significant differences in their metabolic rates between their test temperatures (table 4). As a result 

of model selection, it was found that none of the species had statistically significant interaction terms 

between mean VCO2 and test temperature.  

Table 5: ANOVA significance testing of Metabolic rate. This ANOVA model was fit with logged mean VCO2, 
test temperature and acclimation as the fixed effects, with mass nested within ID and fitted as a random 
effect.  Model selection was undergone, where all the species fit better without the interaction term. No 
models with interaction terms were found to be significant. The significance threshold for the P-value is 
0.05, where * ≤	 0.05, ** ≤ 0.001, *** ≤ 0.0001. 

 Species Statistical terms nDF/dDF F P 

Acanthoxyla prasina Test temperature 1 / 27 230.59 <.0001 *** 
Acclimation 1 / 13  11.928 0.0043 ** 

Clitarchus hookeri Test temperature 1 / 70 2164.59 <.0001 *** 
Acclimation 1 / 16 12.127 0.0031 ** 

Micrarchus hystriculeus Test temperature 1 / 2 226.009 0.0044 ** 
Acclimation 1 / 14 2.940 0.1085 

Micrarchus nov. sp. 2 Test temperature 1 / 27 223.65 <.0001 *** 
Acclimation 1 / 16 6.559 0.0209 * 

Spinotectarchus acornutus Test temperature 1 / 29 701.236 <.0001 *** 
Acclimation 1 / 14 0.521 0.4822 

Tectarchus huttoni Test temperature 1 / 27 207.35 <.0001 *** 
Acclimation 1 / 18 2.920 0.1047 

Tectarchus salebrosus Test temperature 1 / 30 235.16 <.0001 *** 
Acclimation 1 / 14 3.002 0.1051 

 

The mixed linear models were visualised to display the thermal sensitivity slopes of metabolic rate. 

Some of the slopes look as though there may be significant differences in thermal sensitivity, however 

as there are no statistically significant interactions terms between the test temperature and 

acclimation treatment in the ANOVA, these differences in slopes are not significantly different (figure 

12).
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Figure 11: Slopes of treatment groups with mean CO2.  Figure 12: Thermal sensitivity slopes of mass corrected VCO2 production. The species are 
A) Clitarchus hookeri; B) Spinotectarchus acornutus; C) Tectarchus huttoni; D) Micrarchus 
hystriculeus; E) Tectarchus salebrosus; F) Acanthoxyla prasina; and G) Micrarchus nov. sp. 2. 
The coloured numbers indicate the sample size at each test trial point. The error bars were 
calculated using standard error. 
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3.1.3 Differences between species 
An ANOVA of a mixed linear model between all of the species, was run with species, acclimation, test 

temperature and the interaction term of mean VCO2, species and acclimation as fixed effects and mass 

nested within ID as random effects. It was found that species (F6,105 = 293.34, p-value  = <.0001), test 

temperature (F1,2 = 2050.72, p-value  = 0.0005), acclimation (F1,105 = 4.69, p-value  = 0.0327) and the 

interaction of species and acclimation (F6,105 = 6.26, p-value  = <.0001) were all statistically significant. 

The Tukey test showed the differences in metabolic rate between the species (see appendix 5.2 for 

table results). It was found that there were four main groupings that were statistically different from 

one another (A, B, C & D in Figure 13a). These groupings show that there is somewhat of a phylogenetic 

link; however, Clitarchus hookeri and MN2 are paired somewhat unexpectedly (Figure 13a). 

Interestingly, the four groupings do not match with latitude (Figure 13b).   

 

Figure 13: Tukey test results from metabolic rate plotted on phylogeny and geographic distribution. The 
groupings are; (A) Spinotectarchus acornutus (STT) ; (B) Clitarchus hookeri (CLH) and Micrarchus nov. sp. 2 (MN2); 
(C) Acanthoxyla prasina (AXP); and (D) Micrarchus hystriculeus (MHY), Tectarchus huttoni (THI) and Tectarchus 
salebrosus (TSB). The phylogeny was based on Dennis et al. (2015), and the Geographic data was based on 
collection sites (section 2.1). See appendix 5.2 for the supplementary table of Tukey test results. 
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3.2 Cuticular Water loss  

3.2.1 Thermal performance curves 
The thermal performance curves (TPC) for cuticular water loss show that there is an overall increase 

in cuticular water loss (CWL) regardless of acclimation treatment (Figure 14). The range of mass 

corrected cuticular water loss varied between the species, where Spinotectarchus acornutus (0-17 

mg/h/g) and Tectarchus huttoni (0-14 mg/h/g) had the largest CWL range in comparison to the other 

species (Figure 14). Tectarchus salebrosus, Micrarchus hystriculeus, Clitarchus hookeri and 

Acanthoxyla prasina all had similar CWL ranges from around 0-10 mg/h/g (Figure 14). Micrarchus nov. 

sp. 2 had the lowest CWL, with a range of only 0-4 mg/h/g (Figure 14). 

Acanthoxyla prasina and Micrarchus nov. sp. 2  show no differences in CWL of the acclimation 

treatments at any of the five test temperatures (Figure 14). Micrarchus hystriculeus, Tectarchus 

salebrosus and Clitarchus hookeri all show that the 20°C acclimation treatment has a significantly 

higher CWL at the 35°C  test temperature than the 10°C acclimation treatment; however, there were 

no significant differences between the treatment with the other four test temperatures (Figure 14). 

Tectarchus huttoni shows that the CWL of the 10°C acclimation treatment is significantly higher at the 

30°C test temperature compared to the 20°C acclimation treatment (Figure 14). For the rest of the 

test temperatures, there were no significant differences between the acclimation treatments (Figure 

14). Spinotectarchus acornutus shows that the 20°C acclimation treatment has a higher CWL for 5°C, 

20°C, 30°C, and 35°C test temperatures compared to the 10°C acclimation treatment (Figure 14). The 

10°C acclimation treatment has a significantly higher CWL at the 10°C test temperature; however, the 

sample size for 20°C acclimations is smaller at that temperature (Figure 14). 
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Figure 14: Thermal performance curves of mass corrected cuticular water loss. The 
species are A) Clitarchus hookeri; B) Spinotectarchus acornutus; C) Tectarchus huttoni; D) 
Micrarchus hystriculeus; E) Tectarchus salebrosus; F) Acanthoxyla prasina; and G) 
Micrarchus nov. sp. 2. The coloured numbers indicate the sample size at each test trial 
point. The error bars were calculated using standard error. 
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3.2.2 Analysis of Variance 
Mixed linear models were created for each of the species, and an ANOVA was used to test for 

statistical significance between the acclimation treatments within each species. The linear fit and the 

ANOVA results show that there is no statistically significant difference between the acclimation 

treatments for all of the species except for Spinotectarchus acornutus (F1,14 = 5.93, p-value  = 0.0289) 

(table 5). All species except for Micrarchus hystriculeus had statistically different metabolic rates 

between the different test temperatures (table 6). 

Table 6: ANOVA results of cuticular water loss. The fixed effects of the model were Cuticular water loss, 
Test temperature and acclimation, and the random effects were mass nested within ID. Model selection 
was undergone, where all the species fit better without the interaction term. No models with interaction 
terms were found to be significant. The P-value significance threshold was chosen to be 0.05, where * ≤	 
0.05, ** ≤ 0.001, *** ≤ 0.0001. 

Species Statistical terms nDF/dDF F stat P-value 

Acanthoxyla prasina test temp 4 24 28.086 <.0001 *** 
acclimation 1 13 0.235 0.6358 

Clitarchus hookeri test temp 4 65 340.48 <.0001 *** 
acclimation 1 16 0.415 0.5285 

Micrarchus hystriculeus test temp 1 1 62.86 0.0799  
acclimation 1 14 0.437 0.5190 

Micrarchus nov. sp. 2 test temp 4 23 9.309 0.0001 *** 
acclimation 1 16 0.00029 0.9866 

Spinotectarchus acornutus test temp 4 25 61.78 <.0001 *** 
acclimation 1 14 5.93 0.0289 * 

Tectarchus huttoni test temp 4 24 15.88 <.0001 *** 
acclimation 1 18 0.290 0.5965 

Tectarchus salebrosus test temp 4 27 36.801 <.0001 *** 
acclimation 1 14 1.042 0.3247 

 

The mixed linear models were also visualised to display the thermal sensitivity slopes of cuticular 

water loss. Similar to the metabolic rate slopes, some of the slopes look as though there may be 

significant differences in thermal sensitivity, however as there are no statistically significant 

interactions terms between the test temperature and acclimation treatment in the ANOVA, these 

differences in slopes are not significantly different (figure 15). 
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Figure 15 Thermal sensitivity slopes of mass corrected Cuticular water loss. The species 
are A) Clitarchus hookeri; B) Spinotectarchus acornutus; C) Tectarchus huttoni; D) 
Micrarchus hystriculeus; E) Tectarchus salebrosus; F) Acanthoxyla prasina; and G) 
Micrarchus nov. sp. 2. The coloured numbers indicate the sample size at each test trial 
point. The error bars were calculated using standard error. 
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3.2.3 Differences between species 
The final mixed linear model for comparing all of the species together used cuticular water loss, 

species, acclimation and test temperature as fixed effects, and mass nested within ID were used as 

the random effects. The ANOVA of the model showed that Species (F6,111 = 47.55, p-value  = <.0001) 

was statistically significant and acclimation (F1,111 = 0.1046, p-value  = 0.747) and test temperature (F4,-

2 = 101.63, p-value  = NaN) were not statistically significant. As Species was found to be significant 

further analysis using a Tukey test to explore the differences between groups was carried out. The 

Tukey test results showed that there were three main groupings between the seven species of stick 

insect. The groupings are A) Spinotectarchus acornutus and Clitarchus hookeri; B) Acanthoxyla prasina; 

and group C) Micrarchus nov. sp. 2, Micrarchus hystriculeus, Tectarchus huttoni and Tectarchus 

salebrosus (Figure 16). 

 

Figure 16: Tukey test results from cuticular water loss plotted on phylogeny and geographic distribution. The 
groupings are; (A) Spinotectarchus acornutus (STT) ; (B) Clitarchus hookeri (CLH) and Micrarchus nov. sp. 2 (MN2); 
(C) Acanthoxyla prasina (AXP); and (D) Micrarchus hystriculeus (MHY), Tectarchus huttoni (THI) and Tectarchus 
salebrosus (TSB). The phylogeny was based on Dennis et al. (2015), and the Geographic data was based on 
collection sites (section 2.1). See appendix 5.2 for the supplementary table of Tukey test results. 

 

3.3 Phylogenetic modelling 

We were interested in exploring if any environmental variables were influencing the data; thus, we 

ran a phylogenetic independent contrast (PIC) of the thermal sensitivity slopes of both metabolic rate 

and cuticular water loss. The PIC analysis shows that precipitation seasonality has an effect on the 

metabolic rate of both the 10°C and 20°C acclimation treatments and the annual precipitation for the 

20°C acclimation treatment (Table 7). Unlike metabolic rate, none of the PIC analyses were significant 

for cuticular water loss (Table 8). The visualisations of the slopes of the PIC can be found in additional 

results (Appendix 5.2). 
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Table 7: Phylogenetic independent contrast of the thermal sensitivity of VCO2 of seven species of New Zealand stick insect. The PIC fits were run against nine 
environmental variables that were extracted from the Worldclim dataset. The threshold for P-value significance is 0.05, where * ≤	 0.05, ** ≤ 0.001, *** ≤ 0.0001. 

 10 °C Acclimation 20 °C Acclimation 
PIC fit model names F-statistic Num df Den df P-value F-statistic Num df Den df P-value 
Mean temperature 0.285675 1 5 0.615908 1.488045 1 5 0.276914 
Mean diurnal range 0.20119 1 5 0.672532 0.554683 1 5 0.489914 
Max temperature warmest month 0.362653 1 5 0.573301 1.08069 1 5 0.346178 
Min temperature coldest month 0.447692 1 5 0.533081 1.670502 1 5 0.252695 
Temperature range 0.158885 1 5 0.706638 0.62078 1 5 0.46645 
Precipitation annual 1.784833 1 5 0.239135 8.002602 1 5 0.036723 * 
Precipitation seasonality 12.06819 1 5 0.017774 * 16.945 1 5 0.009206 ** 
Altitude values 0.179903 1 5 0.689086 3.199322 1 5 0.133695 
Latitude 0.016535 1 5 0.902697 0.006728 1 5 0.937811 

 

Table 8: Phylogenetic independent contrast of the thermal sensitivity of cuticular water loss of seven species of New Zealand stick insect The PIC fits were run against 
nine environmental variables that were extracted from the Worldclim dataset. The threshold for P-value significance is 0.05, where * ≤	 0.05, ** ≤ 0.001, *** ≤ 0.0001. 

  10 °C Acclimation  20 °C Acclimation 
PIC fit model names F-statistic Num df Den df P-value F-statistic Num df Den df P-value 
Mean temperature 0.019482 1 5 0.894443 0.304124 1 5 0.605047 
Mean diurnal range 0.042458 1 5 0.844877 0.00446 1 5 0.949343 
Max temperature warmest month 0.023214 1 5 0.88486 0.09673 1 5 0.768338 
Min temperature coldest month 0.012711 1 5 0.914621 0.108471 1 5 0.755241 
Temperature range 0.075537 1 5 0.794434 0.036156 1 5 0.856673 
Precipitation annual 0.475507 1 5 0.521155 0.006672 1 5 0.938067 
Precipitation seasonality 5.727477 1 5 0.06214 1.239102 1 5 0.316276 
Altitude values 0.000376 1 5 0.985283 0.894133 1 5 0.387779 
Latitude 0.207898 1 5 0.667539 0.003363 1 5 0.955999 
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Chapter 4: Discussion 
 

 

Image: Clitarchus hookeri nymph enjoying its freedom after being released in the Auckland Botanical gardens. The image 
was taken by the author. 

 

We address the research questions of how the thermal sensitivity for metabolic rate  and cuticular 

water loss (CWL) responds to acclimation within and between seven New Zealand Stick insect species; 

how phylogeny and ecology impact the metabolic rate and water loss of different New Zealand stick 

insects; if the metabolic rate of cold-climate species is elevated compared to warm-climate species; 

and how desiccation resistance varies between cold-adapted vs non-cold adapted stick insects. 

Overall, we found that all species were thermally sensitive for metabolic rate and all but one species, 

Tectarchus salebrosus, was thermally sensitivity for CWL; and that three species of New Zealand stick 

insect have statistically significant different metabolic rates between acclimation treatments. Further, 

using a Tukey test for metabolic rate, we found four distinct groupings between the seven species and 

three groupings for CWL. The thermal sensitivity of the CWL between the acclimation treatments of 

Spinotectarchus acornutus was found to be statistically significant and not within any of the other six 

species. Moreover, the cuticular water loss from Micrarchus nov. sp. 2  was found to be lower than 

the other six species, and the water loss of S. acornutus was found to be higher.  
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4.1 Metabolism 

The first research question examined if the thermal sensitivity of metabolic rate between two 

temperature acclimations is plastic within, and between seven New Zealand stick insect species. We 

also set out to test if the difference between the metabolic rate between cold-climate and warm-

climate species would follow the metabolic cold adaptation hypothesis (MCA). We used thermal 

performance curves to visualise the metabolic rates between the two acclimation treatments within 

the species and created mixed linear models to run ANOVA tests within and between species.  

A visual inspection of the thermal performance curves showed that all of the species had thermally 

sensitive metabolic rates, as there was an overall increase in metabolic rate with an increase in 

temperature for all species. At higher temperatures, there were no significant plateaus or decreases 

in the metabolic rate found. This indicates that none of the species were near the thermal optimum 

(Topt) in the trial temperatures used in this experiment. Thus, this finding can be explained because 

the metabolic rate has been well documented to only exceed the Topt and decrease in performance 

after exposure above 40°C  (Gillooly et al., 2001). Although we thought that this might be a possibility, 

in unpublished studies from the same lab, there was a Topt and a decrease in other performance 

measures such as feeding rate at lower temperatures (Augustine et al., 2021). Further in a study on 

the Australian stick insect Extatosoma tiaratum, Hill et al. (2020) found that the stick insects showed 

signs of temperature stress between 33.8 ± 3.7 to 38.0 ± 0.4°C. The difference between the findings 

of our study may be due to the fact that metabolism is vital to core organism function, and thus there 

is often a sharp drop in metabolic rate right before the critical thermal limit, where organisms cease 

to survive (Gillooly et al., 2001). The higher extreme temperatures were not investigated, as this study 

focused on biologically relevant temperatures.  

In this study, thermal performance curves allowed us to visualise the differences between the two 

acclimation treatments. When the mass corrected metabolic rates were averaged across the two 

acclimation treatments, it was found that the range of VCO2 production was higher for Acanthoxyla 

prasina, Clitarchus hookeri, and Spinotectarchus acornutus (Table 4). The averaged mass corrected 

metabolic rate for Micrarchus nov. sp. 2, Tectarchus huttoni, Tectarchus salebrosus and Micrarchus 

hystriculeus, is much lower (Table 4). A possible explanation for this finding could be that these three 

species are closely phylogenetically related to one another. Based on the phylogeny of Dennis et al. 

(2015) and Dunning et al. (2013)(Figure 6), Spinotectarchus acornutus is the most basal species, where 

Acanthoxyla prasina and C. hookeri are grouped most closely to S. acornutus. In addition to this, these 

three species are not geographically linked; however, Acanthoxyla prasina and Clitarchus hookeri are 

the largest two species in this study, and S. acornutus is one of the smaller species. A possible 
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explanation for Spinotectarchus acornutus, Acanthoxyla prasina and Clitarchus hookeri having 

elevated metabolic rates could be related to genome size. The mass corrected metabolism has been 

found to be negatively correlated with genome size (Vinogradov, 1995). The three species, S. 

acornutus, A. prasina and C. hookeri, are the most phylogenetically basal species in this study (Figure 

7) and, therefore, may have a smaller genomes size compared to the other species in this study.  

The ANOVA from the mixed linear model tested the thermal sensitivity slopes of the two acclimation 

treatments against one another within each species. The ANOVA results showed that none of the 

species’ thermal sensitivity of metabolic rate was dependent on acclimation temperature because 

there was no statistically significant difference in the interaction terms between test temperature and 

acclimation (Table 5). Therefore, the thermal sensitivity within species is not affected by the 

acclimation temperature treatments.  

Despite there not being any difference in the thermal sensitivity slopes in any of the species, the 

acclimation did impact the intercept of three species, Acanthoxyla prasina, Clitarchus hookeri and 

Micrarchus Nov. Sp. 2 (Table 5). The differences that were observed with these three species is a 

vertical-shift in the TPC (Kingsolver et al., 2004) as the overall rate of metabolism was elevated in one 

of the acclimation treatments compared to the other. This indicates that there is a plastic response in 

these three species in the overall metabolic rate, rather than the rate of response (i.e. thermal 

sensitivity). The differences in the overall metabolic rate were found to be higher in the 10°C 

acclimation treatment for both A. prasina and  C. hookeri (Figure 11). Opposingly, the metabolic rate 

for M. nov. sp. 2 was overall higher for the 20°C acclimation treatment (Figure 11). As A. prasina and 

C. hookeri are in the same clade, the similarity of traits could have evolved in a common ancestor. The 

difference in results of M. nov. sp. 2 is likely to be because it is a sub-alpine species and is not 

phylogenetically closely related to A. prasina and C. hookeri (Figure 7). 

Further, it was found that there is a difference in metabolic rate when comparing all of the species 

against each other. Using a Tukey test to further explore these differences, it was found that the seven 

species grouped distinctively into; A) Spinotectarchus acornutus; B) Clitarchus hookeri and Micrarchus 

Nov. sp. 2; C) Acanthoxyla prasina; and D) Micrarchus hystriculeus, Tectarchus salebrosus and 

Tectarchus huttoni (Figure 13).  

Based on the results that C. hookeri, A. prasina and M. nov. sp. 2 had significant differences in the 

overall acclimation between the treatment groups (Table 5), it is interesting that the three species do 

not group together. Further, if there was a split in their grouping, we might have expected either C. 

hookeri and A. prasina to group together due to their close phylogenetic relationship, or A. prasina 

and M. nov. sp. 2 to group closer together due to having a collection site at a nearby location. Despite 
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this, the grouping resulted in C. hookeri and M. nov. sp. 2  (group B), which are both not closely 

phylogenetically or geographically related (Figure 13). The largest grouping is M. hystriculeus, T. 

huttoni and T. salebrosus. These three species are closely phylogenetically related; however, there is 

a geographical difference between the collection site of T. salebrosus compared to the site of T. 

huttoni and M. hystriculeus. These groupings were unexpected as we might have expected M. nov. sp. 

2 to group with M. hystriculeus, T. salebrosus and T. huttoni if there was a purely phylogenetic driver, 

as M. nov. sp. 2 is closely related to these other three species. Lastly, S. acornutus was grouped by 

itself, which could be explained by S. acornutus being the most basal species in the phylogeny and not 

being closely phylogenetically related to the other species (Buckley et al., 2010). This result is despite 

S. acornutus having an elevated mass corrected metabolic rate range alongside C. hookeri and A. 

prasina (Table 5), and these three species are the largest in our study (Table 3). A reason for M. nov. 

sp. 2 having results that are more similar to warm-climate species like C. hookeri and A. prasina is that 

Micrarchus nov. sp. 2 live in subalpine environments, which is an uncommon and more extreme 

habitat for most stick insects (Dunning et al., 2014). Morphological convergent evolution has been 

commonly observed in stick insect species (Bank et al., 2021; T. R. Buckley et al., 2009; Cubillos & Vera, 

2020), and thus it is likely that Micrarchus nov. sp. 2 could have evolved a vertical shift of metabolic 

rate thermal sensitivity convergently alongside the other two species to adapt to the harsher 

environment.  

The metabolic rate of New Zealand stick insects was found to be correlated to the seasonality of 

precipitation in the habitat that they occupy, regardless of the phylogeny (Table 7). The visualizations 

of the PICs show that there is a negative correlation for both the 10°C and 20°C acclimation treatments 

(Figure 19,20, Appendix 5.2), which indicates that with an increase in precipitation seasonality, there 

is a decrease in metabolic rate. Based on the climate data from the Worldclim dataset, the areas have 

the lowest to highest precipitation seasonality in the following order: North Beach, Greymouth; Sewell 

peak, Greymouth, Totara Park, South Auckland; Waitakere Ranges, West Auckland; Wilton’s bush, 

Wellington; and Okuti Valley, Christchurch. Despite this, we cannot say with confidence that the 

metabolism will be most correlated in areas like Okuti valley and Wilton’s bush, and the least in 

Greymouth, as the PIC takes phylogeny into account and changes the values relative to one another. 

 

One of the questions we set out to answer is if we could find evidence for the metabolic cold 

adaptation (MCA) theory, where cold-climate ectotherms are expected to have higher metabolic rates 

at any given temperature compared to warm-climate species (Addo-Bediako et al., 2002; Schaefer & 

Walters, 2010).  Two of our study species, Micrarchus nov. sp. 2 and Tectarchus salebrosus, are cold-

adapted stick insect species (Dennis et al., 2015), whereas the rest of the study species are not.  
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We found that the cold-adapted species Micrarchus nov. sp. 2 did not have a statistically different 

metabolic rate from the sub-tropical species Clitarchus hookeri (Figure 13); however, it was different 

to its closely related relatives Micrarchus hystriculeus, Tectarchus huttoni and Micrarchus hystriculeus 

(Figure 13). Likewise, the other cold-adapted species, Tectarchus salebrosus, did not have any 

statistical difference from its closely related relatives, Tectarchus huttoni and Micrarchus hystriculeus, 

which are both non-cold-adapted species (figure 13). Both Micrarchus nov. sp. 2 and Tectarchus 

salebrosus fail to show evidence for the MCA theory, as they do not have any difference, let alone a 

heightened metabolic rate, compared to warm-climate species. Our findings are not surprising, as 

evidence for the MCA has been varied between studies (Williams et al., 2016). 

 

4.1.1 Comparison to literature 
To the best of our knowledge, at the time of submitting this thesis, two other published research 

articles on stick insect metabolism have been done before Thienel et al. (2015) and Hill et al. (2020).  

Thienel et al. (2015) studied the Chilean stick insect Agathemera crassa, which focused on changes in 

gas exchange patterns. A. crassa are an alpine stick insect species with a much higher body mass,  a 

range of 8 - 11 grams in females (Thienel et al., 2015), than any of the New Zealand species (Table 3). 

Their methodology differed from this research, as they fluctuated the pre-respirometer acclimation 

temperatures between 5-20°C during the day and night cycle, rather than keeping it at a consistent 

temperature as we did. Further, they recorded the VCO2 in the respirometer for a 24 hour period by 

slowly changing the temperature from 10°C to 20°C and then up to 30°C. The data from Thienel et al. 

(2015) was converted from their units, ml/h/g, to the units used throughout this thesis, µl/h/g, to 

compare their metabolic rates to our data. We found that their range of metabolic rates on average 

ranged from 60 – 230 µl/h/g between their 10°C to 30°C temperature range. The converted values 

from Thienel et al. (2015) are similar to New Zealand species with lower metabolic rates, such as  M. 

hystriculeus, T. huttoni and T. salebrosus in this study (Figure 11).  

Research by Hill et al. (2020) studied the Australian stick insect Extatosoma tiaratum, with a focus on 

changes in metabolic rate with different host plant species. This study also used different methods, 

where they raised hatchlings on three different plant diets until adulthood at room temperature that 

varied from 12-25°C over four months. The metabolic rate was recorded using respirometry, where 

the start temperature was 5°C, and it was gradually ramped up at 0.25°C min-1 up to 42°C. From this 

data, they used the metabolic rate results from the 25, 30, 35, 40 and 42°C temperature points.  

The metabolic rate data from the Hill et al. (2020) paper does not have similar results in comparison 

to the research of this thesis, as it had a 103 order increase in metabolic rate when converted to the 
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same units at this thesis. A possible reason for the large increase in metabolic rate could be the 

difference in methodology or that both male and female E. tiaratum have wings. It is well documented 

that insects with wings have increased metabolic rates compared to wingless insects (Addo-Bediako 

et al., 2002; Sakamoto et al., 2021), which could explain the increase in metabolism in the male E. 

tiaratum. The female E. tiaratum, however, are flightless but winged stick insects, and thus this 

explanation may not be sufficient.  

Both E. tiaratum and A. crassa are distantly related to the New Zealand stick insect phylogeny (Simon 

et al., 2019), and so we cannot make direct comparisons. Despite this, E. tiaratum and A. crassa 

together represent both the alpine and tropical environmental ranges, which gives us a more 

extensive environmental range to compare metabolism across. 

To further confirm the order of magnitude of metabolic rate, I compared the results of this research 

to other publications on ectotherm metabolism. A recently published paper by Smith et al. (2021) 

studied the cold tolerance of a freeze-tolerant cricket, Gryllus veletis. The metabolic rate was recorded 

using a similar methodology as this research, by using a flow-through respirometer at 15°C and -9.5°C. 

Smith et al. (2021) found that the mean VCO2 ranged from 300-350 µl/h/g at 15°C and 20-40 µl/h/g at 

-9.5°C. The research of this thesis and Smith et al. (2021) showed the same order of magnitude for the 

metabolic rate as both studies used the same units, and thus no conversion was necessary.  

Both the research from Thienel et al. (2015) and Smith et al. (2021) give me confidence that the 

research of this thesis was carried out correctly, as our results are of similar magnitude to theirs.  

 

4.2 Cuticular water loss 

The second focus of our research was to explore how cuticular water loss (CWL) changed across 

temperature and acclimation treatments within and between seven different species of stick insect. 

We were interested in testing the desiccation adaption hypothesis that the species from arid habitats 

would have lower rates of water loss compared to the species in sub-tropical regions (Bujan et al., 

2016; King & Sinclair, 2015a; Schilman et al., 2005). 

When comparing the overall average mass corrected CWL range, it was found that Micrarchus nov. 

sp. 2 had a lower overall CWL compared to the other six species (Figure 14). Micrarchus nov. sp. 2 is a 

sub-alpine species and thus experiences colder temperatures in comparison to all of the other six 

species that reside in the forests (Table 1). The Micrarchus nov. sp. 2 in our study were collected from 

Sewell peak, a mountain range near the South Island west-coast city Greymouth, which is not the only 

location where they reside (Table 1). The West Coast of the South Island has the highest precipitation 
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of the entire country (Figure 1), and thus it is interesting that Micrarchus nov. sp. 2 has the lowest 

CWL when it seemingly does not need to conserve water. An explanation for this phenomenon is that 

Micrarchus nov. sp. 2 is a freeze avoidant stick insect species (Dennis et al., 2015) that can overwinter, 

and therefore, the lower CWL may have arisen as an adaptation to conserve water for periods of 

dormancy (Danks, 2000). Thus, this indicates that the observed lower CWL is a result of a broader 

evolutionary adaptation rather than environmental plasticity to Sewell Peak’s uniquely wet alpine 

weather system.  

When a mixed linear model was fit to the data, it was found that the average cuticular water loss 

increased with an increase in temperature of six species of stick insect, with the exception being 

Micrarchus hystriculeus (Table 6). Most water loss in insects occurs via the cuticle, and thus cuticles 

often have ‘waterproofing’ lipids to minimise this (Gibbs, 2002). Higher temperatures are known to 

melt the lipids in the cuticle, increasing the permeability of the cuticle (Gibbs, 2002; Parkash & Ranga, 

2014). The higher rate of cuticular water loss at higher temperatures indicates that these species have 

a higher cuticle permeability at higher temperatures, leading to increased desiccation. Interestingly, 

M. hystriculeus does not have a significant change in CWL across all of the trial temperatures (Table 

6), suggesting that this species may have an adaptation to retain a lower lipid permeability on the 

cuticle. What is interesting about this finding is that our specimens of M. hystriculeus were collected 

from Wellington, which is notorious for windy, changeable weather (Metservice, 2017). Out of the 

different study collection sites, Wellington also had the second highest seasonal variation of 

precipitation based on the Worldclim data set. It was found that some species of tropical drosophila 

have seasonal differences in the quantity of cuticular lipids that are present, where they have higher 

lipids for more desiccation resistance in the warmer months and fewer lipids in the cooler months to 

save energetic costs (Parkash & Ranga, 2014). Micrarchus hystriculeus lives in an environment that is 

constantly at the whim of the weather patterns from the Cook Straight and Taraua Ranges; and thus, 

has both a warm but windy summer, as well as a cold winter. Therefore, I would expect that M. 

hystriculeus would retain the same amount of cuticular lipid production year-round, as well as having 

an adaptation that is suited to retaining desiccation resistance in both warm and cold temperatures 

equally, as was found in our CWL results (Table 6). 

Further analysis of the mixed linear models found that none of the seven species had a statistically 

significant difference in the thermal sensitivities between the two acclimation treatments (Table 6). 

When comparing the thermal sensitivities of cuticular water loss within species, it was found that S. 

acornutus had a statistically significant difference in the overall CWL, where the 20°C acclimations 

were elevated compared to the 10°C acclimation treatments (Figure 15, Table 6). Spinotectarchus 

acornutus is the ancestral species of the New Zealand stick insects and was shown to be not closely 
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phylogenetically related to the other New Zealand species (Buckley et al., 2010). Spinotectarchus 

acornutus may have developed thermal plasticity independently from the other species, or the other 

species may have evolved adaptations against plasticity of CWL when they began to radiate away from 

S. acornutus between 19.79–41.16 mya (Buckley et al., 2010). A reason for the elevated CWL at higher 

test temperatures is that S. acornutus is the only stick insect species that is restricted to the north of 

the North Island of New Zealand (Buckley et al., 2010).  Spinotectarchus acornutus is exposed to warm 

and humid climate conditions that are typical of the Northern areas of the North Island. However, 

species like A. prasina, C. hookeri and T. salebrosus have a much broader range, and different 

populations will experience a wide range of climatic norms (Table 1). Due to S. acornutus living in a 

humid environment, it is likely that there was no evolutionary driver to pushing this species to develop 

water-saving adaptations, which can be seen by the elevated CWL at the 20°C acclimation treatment 

in comparison to the 10°C acclimation, as well as that S. acornutus has the highest overall CWL at 35°C 

out of all of the species (Figure 14). Further, as New Zealand stick insects have been illustrated to be 

descendants from New Caledonian stick insects (Buckley et al., 2010), it is more likely that the basal 

species S. acornutus did not have water-saving adaptations, and as such, when the other species 

diverged from S. acornutus, they evolved adaptions for desiccation resistance.  

When the cuticular water loss of the seven species was compared to one another using a Tukey test 

on a mixed linear model, it was found that the species grouped into three distinct groupings that were 

strongly phylogenetically correlated. The groups were A) Spinotectarchus acornutus and Clitarchus 

hookeri; B) Acanthoxyla prasina; and group C) Micrarchus nov. sp. 2, Micrarchus hystriculeus, 

Tectarchus huttoni and Tectarchus salebrosus (Figure 16). Group A and B share two clades, the basal 

clade of S. acornutus and the clade including A. prasina and C. hookeri (figure 16). Like the Metabolic 

rate Tukey test, C. hookeri is not grouped with A. prasina and is instead grouped with S. acornutus. 

Similarly to the Metabolic rate Tukey test, A. prasina is grouped alone in both the CWL and the 

Metabolic rate Tukey tests, and thus this species has a unique metabolic rate and CWL compared to 

the other six species. Group C, unlike the metabolic rate, the Tukey test of CWL has M. nov. sp. 2 

grouped with its three closest relatives (Figure 16). These three groupings are interesting as, at first, 

they enforce some of the results previously discussed. The grouping of C. hookeri and S. acornutus 

does not change the interpretation that S. acornutus does not have adaptations for water loss, as its 

highest CWL and plasticity results are not changed, but merely, C hookeri has a similar overall CWL in 

comparison to S. acornutus. The  C. hookeri specimens used in this experiment come from a similar 

location to S. acornutus, and thus having fewer adaptations to conserve water at higher temperatures 

makes sense. Further, these groupings provide evidence that species from more temperate and higher 
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latitudes in New Zealand have lower CWL compared to the lower latitude wetter and warmer species 

(Figure 16). 

Lastly, regardless of phylogeny, there were no correlations found between any of the nine 

environmental variables and the Cuticular water loss of either 10°C or 20°C acclimation treatments 

(Table 8). The lack of statistical significance that was found in the plasticity of thermal sensitivity and 

the phylogenetic independent contrasts, as well as the strong phylogenetic grouping of the species in 

the Tukey test, suggests that the variation of CWL between the seven species of New Zealand stick 

insects is phylogenetic.  

 

4.3 Research limitations 

Like most studies, there were limits to what my research could achieve within the given timeframe of 

my Master’s thesis. Some of the main limitations were the ability to collect samples and keep them 

alive, sample sizes, and the ideal phylogenetic approach.  

There are limits when working with live animals, as it is difficult to predict their long-term survival. It 

was challenging to collect the right sample size and successfully rear the stick insects until the start of 

the experiment. New Zealand stick insects are most abundant in the summer, which is when the 

majority of collections were carried out. The experiment, however, took almost nine months to 

complete, so it was difficult to predict which species would survive the longest. The ordering of species 

in the trials was based on the previous longevity of the different stick insects species in our lab; 

however, my stick insects did not follow the same pattern. Micrarchus nov. sp. 2, in particular, was a 

species that was expensive and difficult to collect, as we went to a mountain in a small town in the 

West Coast of the South Island to collect them. We ended up having to go there twice because the 

first batch we collected died from unknown circumstances in the lab before the trials. The second 

collection was comprised primarily of nymphs, which we then had to rear until adulthood. Moulting 

is associated with high mortality rates (Camp et al., 2014), which makes having only nymphs of a hard-

to-acquire species risky. An advantage of having nymphs, however, was that they had a longer lifespan 

ahead of them and were recent adult moults at the time of trials in October. To counteract the 

mortality rate that was occurring in some of the other species in later trials, the two different batches 

that ran alongside each other would have different species in them to try to get as much data from 

the older specimens as possible. 

Another limitation was the sample size. Initially, it was planned to include more species and have 

larger sample sizes; however, due to the time restraints of this thesis, the number of experiments and 
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sample size was drastically cut down. Despite this, the timeframe of a year for this research was used 

to the maximum, as 270 days of the year were spent on running experiments for seven and a half 

hours each day. COVID-19 also had a significant impact on the sample size that was able to be collected 

as well as increasing the mortality of the stick insects. Small sample sizes were addressed by using 

mixed linear models and maximising the scope of the experiments by employing four test temperature 

treatments (Section 2.3, Table 2). 

A limitation of physiological research is that we cannot always infer if the measured physiological 

changes of various traits is beneficial or not. We initially based this study on similar research on feeding 

rate and growth rate as it is part of the same research grant, which used TPCs to compare the 

performance of different traits. In the case of metabolic rate however, TPCs do not allow for the same 

interpretations of performance (Shah et al., 2021). Therefore, it is difficult to know if a steeper or 

flatter thermal sensitivity slope, or higher or lower metabolism is more beneficial or stressful, as 

arguments for both cases could be made.  

Data selection in Expedata had the potential for human error as I would have to make choices about 

the breathing pattern type and the best selection area. To account for this, strict rules were followed 

to best determine the patterns (see Appendix 5.4.3), and some of my decisions for traces were double-

checked by a PhD student, Kurtis Turnbull, who has much experience with Expedata. 

When making phylogenetic comparisons, such as using phylogenetic independent contrast, most 

studies would use larger species sample sizes, around at least twenty species. Typically, other 

phylogenetic comparison studies will often also create large meta-analyses across an extensive array 

of species from many studies.  

The difference between other research and this study is that this study compared only seven species 

of stick insect, as there was no capacity to expand on these species. Despite this, this research was not 

only able to tackle the issues around acclimation, but this study also measured all of the results used 

throughout, rather than using a meta-analysis of other studies. Further, this study expanded the 

literature, as New Zealand stick insects add to the lacking database for Southern Hemisphere 

invertebrate studies and are also not a classically studied model species, such as drosophila.  

 

4.4 Future directions 

An interesting future research direction would be to take a more species-specific approach and include 

a control group that is acclimated to the average environmental temperature from where the species 
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was collected from. Doing this would allow us to compare the differences in performance against the 

natural temperature, which would allow us to make better predictions for climate change.   

As described in section 2.3, we exposed all individuals to 20°C and either 5°C or 10°C and either 30°C 

or 35°C. We did this because of time constraints; however, we did want to have one universal 

temperature to compare them all against. We chose 20°C because it was the middle temperature, and 

it has been used as a single test temperature in previous studies in our lab group. In hindsight, we 

could have picked a different temperature, as there seem to be more interesting results at the other 

temperatures; however, we could not have known that prior to the experimentation. 

Along with the limited sample sizes, the reduction in trial temperatures meant that the Topt  and a 

curve in the TPC was not able to be captured in this thesis. Although other studies in the lab on other 

performance traits, like feeding rate, had found the Topt within the range of my trial temperatures, this 

was not the case with metabolism. As a result, we were not able to test key ecological and metabolic 

hypotheses like the thermodynamic constraint hypothesis, the biochemical adaptation or the climate 

variability hypotheses, which rely on having a curve in the results, rather than just the initial incline. 

Therefore for future studies, having a longer time frame would allow for an increase in sample size, 

species and a more comprehensive range of trial temperatures, which would significantly add to the 

database and perhaps lead to more substantial outcomes.  

In this study, we identified the gas exchange patterns for each recording. It has been shown that gas 

exchange patterns can change in frequency across different temperatures (Basson & Terblanche, 

2011; Thienel et al., 2015). Future research could examine if the patterns of gas exchange also change 

within New Zealand stick insects. Further, Thienel et al. (2015) was the first to record DGE patterns in 

stick insects, in the species Agathemera crassa. This study found only two occurrences of DGE in stick 

insects. Future research could examine why New Zealand stick insects do not have high rates of DGE, 

as there are several competing hypothesis around the benefit of having DGE gas exchange pattern in 

insect respiration. Such theories include the hygric hypothesis, which says DGE is used to reduce 

respiratory water loss (Williams et al., 2010); a theory about using DGE to minimising mite infestations 

(Gudowska et al., 2016); and a theory that states DGE is an adaptation to oxygen-limited 

environments, where the closing of the spiracles allows there to be a build-up of VCO2 gradient which 

allows for an easier diffusal of waste products when the spiracles open (Chown, 2011). 

Lastly, a study by Gely et al. (2020) explored that drought stress in trees may impact invertebrate 

fitness. Therefore, an interesting extension of this research could be to explore if drought stress in 

trees may impact stick insects. 



60 
 

 

4.5 Concluding remarks  

This study set out to answer how the thermal sensitivity of metabolic rate and cuticular water loss 

varied within and between seven species of New Zealand stick insect. We also set out to answer if 

there was evidence for thermal plasticity in metabolic rate and cuticular water loss, as well as if there 

was evidence to support the metabolic cold adaptation hypothesis and the desiccation adaptation 

hypothesis. 

Overall it was found that none of the seven species of New Zealand stick insect had thermal plasticity 

for thermal sensitivity of metabolic rate or cuticular water loss (CWL) within and between the species. 

One species, Micrarchus hystriculeus, was found not to have any thermal sensitivity for CWL, indicating 

that it may have adaptations for the high seasonal environmental conditions in Wellington. 

Three New Zealand stick insect species, Acanthoxyla prasina, Clitarchus hookeri and Micrarchus nov. 

sp. 2, however, had thermal plasticity in overall metabolic rate, where A. prasina and C. hookeri has 

higher metabolic rates with 10°C acclimation and M. nov. sp. 2 has higher metabolic rates for 20°C 

acclimations. One species, Spinotectarchus acornutus, was found to have thermal plasticity in overall 

CWL, where there was higher CWL in the 20°C acclimation treatment compared to the 10°C 

acclimations. This, along with S. acornutus having the highest overall CWL, indicates that this basal 

sub-tropical species does not have adaptations to minimise desiccation.  

There was a significant difference between the seven stick insect species for both metabolic rate and 

CWL, where there were four distinct groupings with metabolic rate and three distinct groupings for 

CWL. Both of these groupings were phylogenetically correlated. Interestingly, evidence for convergent 

evolution of metabolic rates was found in Micrarchus nov. sp. 2, as this species grouped with C. 

hookeri, a species not closely phylogenetically or geographically related, as well as having similar 

plasticity results to A. prasina and C. hookeri.  

As the cold-adapted species, Micrarchus nov. sp. 2 and Tectarchus salebrosus did not have significant 

metabolic rate differences from closely related non-cold-adapted species; there is no evidence to 

accept the metabolic cold adaptation hypothesis. There was evidence found, however, to support the 

desiccation adaptation hypothesis, as the CWL was significantly lower in higher latitude and more 

temperate species compared to the lower latitude and sub-tropical species.  

This thesis’s results were statistically phylogenetically correlated, where there was also no significance 

in any of the nine environmental variables for CWL and no significance in eight environmental 

variables for metabolic rate, despite taking phylogeny into account. There was one exception, an 
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environmental correlation that was found between the metabolic rate and precipitation seasonality, 

regardless of phylogeny, which merits further investigation. 

Based on the findings in this thesis, there seem to be phylogenetically linked differences in the 

metabolic rate, and CWL of the seven species of New Zealand stick insect. It is likely that the 

phylogenetically correlated differences may have arisen as a gradual response to the different New 

Zealand environments. Despite this, three species showed plasticity in metabolic rate, indicating that 

they are able to change their metabolism to respond to temperature. This thesis, however, is not able 

to conclude whether this found plasticity is beneficial or not. Further, the plasticity found in S. 

acornutus may be a result of not needing adaptions to conserve water, rather than being adaptive. 

Areas that are expected to have the most increase in temperatures and decrease in precipitation as a 

result of anthropogenic climate change are along the east coast mountains of the North Island, the 

Southern Alps of the Southern Island and the east coast of the South Island (Figure 2). These areas are 

where most of the current habitat refuges for New Zealand flora and fauna are situated. The 

implications of this research indicate that as a result of anthropogenic climate change, the lower 

latitude sub-tropical species may experience increased thermal and drought stress, as they have 

higher metabolic rates and have no current adaptations for water conservation at higher 

temperatures.  Species at the higher and more arid latitudes already employ adaptations for 

desiccation resistance, and thus with further increase in temperature and decreased precipitation, 

their adaptations may be pushed to the limits, resulting in reduced habitat range and potential 

fatalities. Further, this study was conducted on adult specimens; however, there may be even greater 

implications for juvenile stick insects, which already experience fatalities when moulting. 
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Chapter 5: Appendices 
5.1 Raw data  

If you would like access to the Expedata files or the data sheets with final results, please get in contact 

with the author at anoek.grosmann@gmail.com, or email Thomas Buckley at Manaaki Whenua 

Landcare Research.  

 

5.2 Supplementary Results 

This appendix contains additional results. 

 

Figure 17: Metabolic rate of seven species of Stick insect against Mass. Species are shown in different colours, 
where AXP is Acanthoxyla prasina, CLH is Clitarchus hookeri, MHY is Micrarchus hystriculeus, MN2 is Micrarchus 
nov. sp. 2, STT is Spinotectarchus acornutus, THI is Tectarchus huttoni and TSB is Tectarchus salebrosus. The 
different trial temperatures are shown as blue lines. The slope information is shown in ascending order. 
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Table 9: Tukey test of Mean VCO2 between seven species of stick insect. Species are in shorthand, where AXP 
is Acanthoxyla prasina, CLH is Clitarchus hookeri, MHY is Micrarchus hystriculeus, MN2 is Micrarchus nov. sp. 2, 
STT is Spinotectarchus acornutus, THI is Tectarchus huttoni and TSB is Tectarchus salebrosus. 

Species diff lwr upr p adj 
CLH-AXP -0.52569 -1.01595 -0.03544 0.026578 
MHY- AXP -1.91195 -2.46624 -1.35767 0 
MN2-AXP -0.59808 -1.15803 -0.03813 0.02761 
STT-AXP -1.24455 -1.8045 -0.6846 0 
THI-AXP -1.76801 -2.32229 -1.21372 0 
TSB-AXP -1.87094 -2.428 -1.31387 0 
MHY-CLH -1.38626 -1.85899 -0.91353 0 
MN2-CLH -0.07238 -0.55174 0.406977 0.999386 
STT-CLH -0.71885 -1.19821 -0.2395 0.000234 
THI-CLH -1.24231 -1.71504 -0.76958 0 
TSB-CLH -1.34524 -1.82123 -0.86926 0 
MN2-MHY 1.313877 0.769208 1.858545 0 
STT-MHY 0.667405 0.122736 1.212073 0.005881 
THI-MHY 0.143946 -0.3949 0.682789 0.985647 
TSB-MHY 0.041016 -0.50069 0.582718 0.999989 
STT-MN2 -0.64647 -1.1969 -0.09604 0.00995 
THI-MN2 -1.16993 -1.7146 -0.62526 0 
TSB-MN2 -1.27286 -1.82036 -0.72536 0 
THI-STT -0.52346 -1.06813 0.02121 0.068701 
TSB-STT -0.62639 -1.17389 -0.07889 0.013467 
TSB-THI -0.10293 -0.64463 0.438772 0.99774 

 

 

Table 10: Tukey test of Cuticular water loss between seven species of stick insect. Species are in shorthand, 
where AXP is Acanthoxyla prasina, CLH is Clitarchus hookeri, MHY is Micrarchus hystriculeus, MN2 is Micrarchus 
nov. sp. 2, STT is Spinotectarchus acornutus, THI is Tectarchus huttoni and TSB is Tectarchus salebrosus. 

Species diff lwr upr p adj 
CLH-AXP -2.5612731 -4.1606011 -0.9619451 0.0000606 
MHY-AXP -5.5740249 -7.3845219 -3.763528 0 
MN2-AXP -5.2077447 -7.0373633 -3.3781262 0 
STT-AXP -3.3321638 -5.1617823 -1.5025452 0.0000025 
THI-AXP -4.7001022 -6.501566 -2.8986383 0 
TSB-AXP -5.2010693 -7.0115663 -3.3905723 0 
MHY-CLH -3.0127518 -4.5658666 -1.4596371 0.0000004 
MN2-CLH -2.6464716 -4.2218352 -1.0711081 0.0000203 
STT-CLH -0.7708907 -2.3462542 0.8044729 0.7734 
THI-CLH -2.138829 -3.6814043 -0.5962538 0.000955 
TSB-CLH -2.6397962 -4.192911 -1.0866814 0.0000153 
MN2-MHY 0.36628021 -1.4230827 2.15564315 0.9965777 
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STT-MHY 2.24186118 0.45249824 4.03122412 0.0043823 
THI-MHY 0.8739228 -0.8866418 2.6344874 0.7613489 
TSB-MHY 0.37295565 -1.3968508 2.14276212 0.9959827 
STT-MN2 1.87558097 0.06687301 3.68428894 0.0364358 
THI-MN2 0.50764259 -1.27258 2.28786518 0.9798829 
TSB-MN2 0.00667544 -1.7826875 1.79603838 1 
THI-STT -1.3679384 -3.148161 0.41228421 0.2573239 
TSB-STT -1.8689055 -3.6582685 -0.0795426 0.0341173 
TSB-THI -0.5009671 -2.2615318 1.25959745 0.9801012 

 

 

Table 11: Slope and intercept from linear lines plotted onto logged metabolic rate data. VCO2 is mass 

corrected. 

Species Acclimation 
Temp Slope Intercept R^2 

Acanthoxyla prasina  
10 0.701  * 3.43 0.96 
20 0.564 3.53 0.93 

Clitarchus hookeri  
10 0.791 3.11 0.97 
20 0.744 3.17 0.97 

Micrarchus hystriculeus  
10 0.469 * 3.7 0.96 
20 0.382 3.85 0.94 

Micrarchus nov. sp. 2  
10 0.632 * 3.17 0.91 
20 0.573 3.49 0.94 

Spinotectarchus acornutus 
10 0.65   * 3.34 0.99 
20 0.572 3.68 0.94 

Tectarchus huttoni 
10 0.478 3.37 * 0.97 
20 0.497 3.49 0.95 

Tectarchus salebrosus 
10 0.538 3.43 * 0.96 
20 0.526 3.36 0.93 
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Figure 18: PIC slopes for the metabolic rate of the 10°C acclimated specimens of seven species of New 
Zealand stick insect.  

 

Figure 19: PIC slopes for the metabolic rate of the 20°C acclimated specimens of seven species of New 
Zealand stick insect. 
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Figure 20: PIC slopes for the Cuticular water loss of the 10°C acclimated specimens of seven species of New 
Zealand stick insect. 

 

Figure 21: PIC slopes for the Cuticular water loss of the 20°C acclimated specimens of seven species of New 
Zealand stick insect. 
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5.3 Sable system respirometer set-up 

This appendix focuses on the pre-experimental set up, including the components of the Sable system 

respirometer, as well as the recording of data using Expedata.  

5.3.1 Recording set-up 

Expedata needs parameters to run and record the experiment. 

We told Expedata to look for seven channels and mapped each physical channel of the sable systems 

respirometer to the input channels of the Expedata file. To record interpretable values, we converted 

the input values according to what it was recording as follows: 

Input channel Conversion  

MFC-2 Linear transformation Y=A+B(U), where A = 0 and B = 100 

FB8 Linear transformation Y=A+B(U), where A = 0 and B = 100 

RH300 ug/ml Linear transformation Y=A+B(U), where A = 0 and B = 10 

AD-1 No transformation 

CA-10a ppm Linear transformation Y=A+B(U), where A = 0 and B = 100 

Pelt-5 No transformation 

Chamber_temp No transformation 

 

We set up timing and marker placement using the ‘digital control’ tab in the set up and setting the 

parameters of ‘during recording’ as follows:  

0 1 A 300 

300 0 B 300 

7500 1 C 300 

7800 1 D 0 

The first column is the timepoint in seconds at which the action will occur. The second column is if the 

machine will switch to the chamber or the baseline recording, where 1 is baseline and 0 is the insect 

chamber. The third column shows the name of the marker that is placed at that action/switch  

timepoint. The fourth column is how many seconds the recording will pause for before continuing. 
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Therefore, these parameters are; pause for 300 seconds in the baseline and place maker “A”. Record 

baseline for 300 seconds before switching to chamber, placing marker “B” and pausing for 300 

seconds. Record chamber for 7200 seconds before switching to baseline, placing marker “C” and 

pausing for 300 seconds. Record baseline for 300 seconds and then placing the final marker “D” for 

the end of the recording. For more detail into why each section is coded this way, see section 2.2. 

 

5.4 Sable system respirometer analysis: Macro code 

 

This appendix focuses on the post-experiment data processing and extraction. 

We used macro codes within ExpeData to assist with data processing. We used a two-step processing, 

where the first converted all of the units, cleaned the data and baselined the values (section 5.4.1). 

The second step was data extraction, where we selected areas of the recording and extracted all of 

the data variables we wanted out of the selection (section 5.4.2). 

5.4.1 Step 1: Transformations  

The following is the macro I used to transform my data from voltage raw-data to interpretable units.  
 

1. Baseline drift correction of the CO2 channel 

active channel CA_10a_ppm 

make_temp_data_copy all_samples 

correction drift all_samples minimum pivot left_right  copy_only left_percent 5 

right_percent 5 subset_percent 10 

overwrite_data_with_copy all_samples 

2. Baseline drift correction of the H2O channel 

active channel RH300_ug_ml 

make_temp_data_copy all_samples 

correction drift all_samples minimum pivot left_right  copy_only left_percent 5 

right_percent 5 subset_percent 10 

overwrite_data_with_copy all_samples 

3. Convert CO2 (ppm) to VCO2 (mL/min) by dividing by 1,000,000 (ppm) for a fractional 

concentration, and then multiplying by flow rate in ml/min. Based on method from Lighton 

(2008). 
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transform general all_samples expression 

VCO2_ml_min=(CA_10a_ppm/1000000)*MFC_2 

4. Convert VCO2 (mL/min) to (µL/h) by multiplying by 1,000 and then multiplying by 60 ( per 

min to per h) 

transform general all_samples expression VCO2_ul_h=VCO2_ml_min*1000*60 

5. Convert H2O (µg/mL) to VH2O (mg/min) by dividing by 1000 (µg to mg) and then multiplying 

by the real time flow-rate (ml/min) Based on method from Lighton (2008). 

transform general all_samples expression VH2O_mg_min=(RH300_ug_ml/1000)*MFC_2 

6.  Convert VH2O (mg/min) to (mg/h) by multiplying by 60 

transform general all_samples expression VH2O_mg_h= VH2O_mg_min*60 

7.  Lag correct VH2O to match the VCO2 (It lags by 32 seconds in our experiments)  

active channel VH2O_mg_h 

select selectedwindow all_samples 

correct lag all_samples shift 32 

8.  De-spike the VH2O channel  

active channel VH2O_mg_h 

select selectedwindow all_samples 

correction despike selected derivative_trigger 25 max_spike_width 4 

9.  Save the newly transformed file with a prefix 

save all_samples prefix transformed- 

 

5.4.2 Step 2: Data extraction  

This appendix section shows the macro code used to extract Continuous gas exchange (COGE) and 

Cyclic gas exchange (CYGE). The first section extracts data that I selected for cyclic data (using 

marker E) and the second section is where the programme selected the lowest 30 minutes of VCO2 

recording (explained in detail in methods, section 2.4). 

1. Programme searches for marker E. If it is found in the file (which I tagged manually), it will 

do the following  
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if exists_marker E then 

2. Selects the water channel and then the CO2 channel  to get the statistical data within the 

markers. 

active channel VH2O_mg_h 

select between_markers all_samples marker1 E marker2 E 

getstats mean 

active channel VCO2_ul_h 

getstats mean 

writestats Mean to spreadsheet 

writestats StdDev to spreadsheet 

writestats N to spreadsheet 

writestats FileName to spreadsheet 

active channel VH2O_mg_h 

getstats mean 

writestats Mean to spreadsheet 

writestats StdDev to spreadsheet 

writestats N to spreadsheet 

writestats FileName to spreadsheet 

writestats Mean to user_variable 1 

3. Gets the regression line and statistical terms related to it.  

getstats linear_regression xchannel VCO2_ul_h 

writestats Slope to spreadsheet 

writestats Intercept to spreadsheet 

writestats RSquared to spreadsheet 

writestats F to spreadsheet 

writestats Prob to spreadsheet 

4. Get the respiratory water loss as the total waterloss (mean) minus the intercept (intercept is 

cuticular water loss)  

writestats Intercept to user_variable 2 

write_value k3 general_expression K1-K2 

write_string rwl user_constant K3 
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5. As there is only a marker “E” if it is cyclic, we write this to the spreadsheet for later use. 

write_string pattern CyGE 

writestats newline to spreadsheet 

6. IF there is no marker “E”, then it will do the same as above, however it will search and 

automatically select for the lowest 30 minutes, to get the most accurate Resting Metabolic 

rate. 

else  

select selectedwindow from  0 to  0 of  8100 

7. Deletes the baseline recording, so that it is not selected within the lowest VCO2 reading. 

select between_markers all_samples marker1 A marker2 B 

delete all_data selected 

Select marker_anchor C 600 samples right search_all_samples 

delete all_data selected 

active channel VH2O_mg_h 

select selectedwindow all_samples 

findwindow nadir selected width 1800 

select selectedwindow selected 

getstats mean 

active channel VCO2_ul_h 

getstats mean 

writestats Mean to spreadsheet 

writestats StdDev to spreadsheet 

writestats N to spreadsheet 

writestats FileName to spreadsheet 

active channel VH2O_mg_h 

getstats mean 

writestats Mean to spreadsheet 

writestats StdDev to spreadsheet 

writestats N to spreadsheet 

writestats FileName to spreadsheet 

writestats Mean to user_variable 1 
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getstats linear_regression xchannel VCO2_ul_h 

writestats Slope to spreadsheet 

writestats Intercept to spreadsheet 

writestats RSquared to spreadsheet 

writestats F to spreadsheet 

writestats Prob to spreadsheet 

writestats Intercept to user_variable 2 

write_value k3 general_expression K1-K2 

write_string rwl user_constant K3 

8. Labels these files as CoGE 

write_string pattern CoGE 

writestats newline to spreadsheet 

end if 

 

Note: Some COGE were run under a manual extraction (mCOGE), where I would place manual 

markers (marker F) around the good section. I would then run these files the same macro code as 

CYGE, where instead we select for marker “F” not “E”. 

 

5.4.3 Rules for gas exchange patterns 

The rules for determining the gas exchange patterns are as follows: 

1) Discontinuous gas exchange (DGE) 

This gas exchange pattern is known for its distinctive pattern, where there are three distinct cyclic 

phases: 1) open spiracles and a peak release of VCO2, 2) fully closed spiracles, and 3) the flutter 

phase, where there is a slight release of VCO2 before reopening of the spiracles (Thienel et al., 2015). 

Therefore gas exchange was determined to be DGE if it followed those patterns. If a gas exchange 

pattern was determined to be DGE, then four cycled of DGE were selected.   

2) Cyclic gas exchange (CyGE) 

The CyGE pattern is classified as when the spiracles are partially open and generate peaks of VCO2 

production followed by troughs of low VCO2 release (Thienel et al., 2015). Therefore, a CyGE pattern 
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was determined if there were clear fluctuating pattern that had a consistent timing to the patterns. 

The VCO2 of CyGE was allowed to touch 0 VCO2 µl/hr. 

When selecting a section CyGE, we consistently selected four cycles of CyGE. For examples, see 

Section 2.4, Figure 10. 

 

3) Continuous gas exchange (CoGE) 

The pattern was deemed continuous is there was constant sporadic and small variation in the VCO2, 

where the VCO2 never touched 0 VCO2 µl/hr. 

When recording a section CoGE, we always selected a thirty minute section. The exception to this 

was if we had to manually select a section that spikes of high water loss, which we did not want to 

bias the CWL results. For examples, see Section 2.4, Figure 10. 

 

 

This is the end of this thesis. Thank you for sticking to it and reading until the end! 
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