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THESIS ABSTRACT 

There is a general consensus among scientists that climate change poses a severe threat to organisms with 

little tolerance for higher temperatures than those in their current environmental niche. The effects of 

increased environmental temperature will be of significance in those organisms combining reduced thermal 

tolerance and limited mobility across the environment to allow shifts to more optimal habitat. The relict 

populations of the freshwater crayfish genus, Euastacus, in Queensland are generally restricted to cooler 

mountain-top streams and are at significant extinction risk due to these factors. While noted as threatened by 

increases in environmental temperature, key knowledge gaps exist regarding the thermal biology of these 

crayfish. 

This project sought to answer the underlying question; Are species of Euastacus in Queensland, some with 

severely-restricted distributions, currently experiencing thermal stress in warmer parts of the year? It was 

anticipated that evidence of fitness-reducing temperatures in these crayfish would give an indication of the 

future effect of climate change, primarily increased temperature, and initiate further research into this 

vulnerable genus.  

A minimally-intrusive assessment of physiological and biochemical indicators of tissue damage in response to 

an imposed thermal stressor were initially developed using a model organism, Cherax quadricarinatus. The 

data provided “proof of concept” for a validated method to contrast the level of thermal stress experienced 

between individuals of the same species, conditioned to different temperatures. Additionally, the results 

indicated that the physiological and biochemical indicators gave some defined effects of higher temperature 

on the model organism, and opened up the potential for a suite of non-invasive assays to be used within the 

genus Euastacus.  

The quantification of indicators in field-acclimatised organisms was initially demonstrated in E. sulcatus. The 

results reveal that future increases in environmental temperature are not only likely to result in increased 

baseline levels of oxidative stress in E. sulcatus but also forecast further restriction in the altitudinal 

distribution of the species in a warming climate. The data indicate a further restriction in distribution is highly 

likely, evidenced by the indicators of damage in response to existing thermal stress occurring in current 

field-conditions inhabited by E. sulcatus. This finding paved the way for assessment of other 

field-acclimatised Euastacus species.  

Seven species were selected for assessment across the Queensland distribution and, with the exception of two 

species, the crayfish used in the study had extremely limited distributions. The results from this study show an 

increase in physiological and biochemical indicators to warmer thermal regimes (i.e. during warmer seasons 

of the year) in several of the species tested in this study. More importantly, however, is the evidence that 

suggests that several Euastacus species in this study are already exposed to warm-season environmental 

stress. Due to the limited distribution of these species’, future distributions may be increasingly restricted. For 
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severely-restricted distribution species, climate change may create extinction pressures with the potential for 

local, and therefore global extinctions. Of the severely-restricted distribution species in this study, it appears 

that E. bindal, E. monteithorum and E. setosus are most at risk of extinction while E. eungella has the least 

risk associated with increased stresses attributable to climate change.  

The methods in this thesis have demonstrated evidence of stress at contemporary environmental temperatures, 

that is, current temperatures experienced by several of these crayfish. Key knowledge gaps have been 

identified for Euastacus in the face of climate change and research initiated into this important relict genus 

which in Queensland, is heavily isolated and speciated. The data highlight that these crayfish are at a real risk 

of extinction due to climate change; a view that has been often noted for this species without concrete 

evidence. Generally, it appears that limited distributions and limited tolerance to increased temperature will be 

the main factors increasing extinction pressure. 

As with many other projected distribution shifts relative to climate change, it appears from these results that 

there will be ‘survivors’ and ‘losers’ in Euastacus species in Queensland, with limited ‘help’ available for the 

losers. In terms of surviving climate change, those species with large distributions, limited competition from 

sympatric or parapatric crayfish species, limited anthropogenic interaction and currently large annual water 

temperature deviations may better survive environment changes attributable to climate change and longest 

defer becoming losers. Under high climate change scenarios, or after sufficient time, there will be no 

‘winners’ amongst these species, although there may be survivors. 
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GLOSSARY OF TERMS 

This glossary of terms denotes both the meaning and context of technical words used throughout this thesis. 

Acclimation – The process of physiological conditioning, through recognition and response, to one single 

variable (i.e. temperature). Due to the response to a single variable, this form of compensation is generally 

only observed in laboratory environments. 

Acclimitisation – The process of physiological conditioning, through recognition and response, to two or more 

variables (i.e. temperature and desiccation). Conversely to acclimation, this form of compensation is 

commonly observed in more natural environments.  

Adaptation – The long-term process where physiological processes are modified to allow for the most 

efficient/optimal physiological function in response to any change in an environmental variable (e.g. 

temperature). This process although reversible, is more costly than acclimation or acclimitisation. 

Thermal Tolerance – A range of temperature where physiological processes maintain homeostasis. Passing the 

tolerated temperature of an organism ensures physiological change becomes increasingly inadequate to 

maintain homeostasis.  

Physiological Strain – A threshold where deleterious effects manifest due to stress. Physiological strain 

generally results in a loss of fitness. 

Fitness – The overall scope for growth of the individual organism (e.g. growth and reproduction status). 

Stress – An instance where physiological process are significantly differed in order to maintain homeostasis.  

Stressor/Stressing Agent – The key factor that drives the physiological manifestation of stress. This stress 

derives from both abiotic environmental cues, such as temperature or desiccation, and other cues such as 

behaviour changes and resource utilisation. 

Thermal stress – A broad term used to describe physiological strain caused primarily by the deleterious effect 

of temperatures encroaching limits where physiological processes are changed. 

Oxidative stress – Physiological stress revolving around disparity between anti-oxidant processes and reactive 

oxidant product. For this thesis, oxidative stress is used to indicate thermally-induced oxidative stress. 
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Chapter 1: GENERAL INTRODUCTION 
There is widespread consensus amongst scientists that the global climate is warming, posing a severe threat to 

organisms which have little tolerance to temperatures higher than those that they current experience. Two 

probable extinctions have already been attributed to climate change; the golden toad (Incilius periglenes) and 

the white-form lemuroid possum (Hemibelideus lemuroides) (Pounds and Crump 1994, Parmesan et al. 2011). 

Both were from high-altitude (> 1000m above sea level) rainforest and persisted in isolated patches; not 

unlike the habitat of several freshwater crayfish in Queensland, Australia. These crayfish, of genus Euastacus 

(Decapoda: Parastacidae), are limited to the tops of mountains. It is anticipated that these species will have no 

viable habitat in the future, if the predicted temperatures rises occur and they remain restricted to their cool 

mountaintop refugia by an inability to disperse to other suitable habitat itself due to an inability to tolerate 

high temperatures of intervening lower altitudes. If this is correct it might be presumed that during the hottest 

part of the year they may already demonstrate consequences of stress arising from higher ambient 

temperatures. 

Throughout this study the underlying question is: are the Euastacus species, isolated in mountaintop habitats 

in Queensland, under the threat of extinction resulting from an increase in environmental temperatures? 

Previous work by this author on E. sulcatus (Bone et al. 2014) showed that the survival of this species was 

impaired at temperatures only one or two degree above maxima currently experienced in the field and had a 

lethal limit just above 27°C, a few degrees above current environmental maxima. Such methods, while 

definitive, are not applicable to critically-endangered animals as they involve imposing high levels of stress, 

and caused numerous fatalities in the experimental animals. Leland and Furse (2012) suggested that it might 

be practicable to assess stress levels in wild crayfish in a minimally intrusive manner by assay of haemolymph 

and possibly other physiological or biochemical indicators. This work takes those suggestions forward and 

develops a complete protocol for assessing the degree of stress faced by wild Euastacus in a minimally 

intrusive manner. 

This thesis aimed to  achieve this by determining: (1)  if the crayfish (in the field) are under stress on the basis 

of biochemical and physiological assays; (2) if thermal stress was evident in crayfish in cool and/or warm 

seasons, by assessing key biochemical and physiological indicators. Examination of the data (3) revealed that 

biochemical and physiological response were either detrimental or limited in their capacity to protect 

Euastacus species from thermal stress. The data collected indicated that a small increase in the magnitude of 

the stressor could eventually exhaust the capacity for adaptive response and reduce fitness excessively. Finally 

(4), as the lower altitudinal limit (assumed as a proxy for environmental temperature ranges) limits the 

more-isolated species in this study, I will conclude that only minimal temperature increases will be required 

before the stressor exhausts the protective responses in such conditions, making at least the lower altitude 

parts of the habitat inhospitable for the species.  
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  Chapter 1 – General Introduction 

Simply put, it is the aim of this study to (a) identify a set of minimally-invasive assays that can identify 

potential thermal stress in freshwater crayfish, (b) use these tests to determine if these restricted-distribution 

species are already experiencing a discernible potential for thermal stress and (c) determine if climate change 

is a likely threatening process to continued species survival. The selection of these assays will be driven by the 

presumption that the maintenance of homeostasis within these freshwater crayfish is critical, and 

physiological and biochemical indicators of responses which ‘aim’ to restore homeostasis are indicators of 

response to imposed stress. Specifically, the assays will demonstrate evidence of increased metabolic stress, 

compromise of the immune system and elevation of oxidative damage and key anti-oxidative compounds.  

Generally, organisms are faced with different degrees of stress over different timespans (Figure 1). For short 

periods of stress there would presumably be some levels of stress than can be tolerated without evident 

response and without evident detriment: these levels of stress and periods of exposure would be experienced 

in the area of the diagram (Figure 1) labelled “Tolerance”. At higher levels of stress some reaction might be 

expected, such as moving physically away from the stressor (“Avoidance Behaviour”). At even higher levels 

of stress over short time spans, the animal may suffer shock, from which it may promptly recover, or which at 

high stress levels may reduce fitness (in some broad sense) and may cause death. 

 

Figure 1: State of organismal response in response between the interplay between the intensity of stress and 
stressor exposure.  

Note, the shaded square denotes the area of stressor intensity and stressor exposure of interest to this study. 
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  Chapter 1 – General Introduction 

Where the period of exposure is longer, and stress levels are moderate, the animal may show acclimitisation to 

the stressor (in humans, this might be sweating, for example), and at least some physiological and biochemical 

responses would be invoked. Acclimatisation is taken to be a reversible, relatively prompt and short-duration 

(days or weeks) change in physiology, biochemistry or behaviour that has the effect of responding to the 

challenge represented by the stressor, either repairing tissue damage, or preventing damage. 

Longer exposure would be expected to elicit adaptive responses, such as development of changed physiology 

that permits the organism to increase its tolerance (i.e. acquired tolerance). During adaptation it would be 

expected that the physiological and biochemical characteristics of acclimation would be reduced, while the 

organism’s fitness is maintained. Adaptation is envisaged to shift the focus of the response to stress from 

repair to resistance, and would be a longer-term response to stress than is acclimation, and likely to confer 

resistance at lower metabolic cost than does acclimation. 

There will, of course always be limits to the capacity of an organism to acclimate or adapt (Somero 2005, 

2010), and at higher stress levels fitness will be reduced, terminally so, if the stress level is high enough. 

Over longer time periods (i.e. exceeding the lifetime of an organism) differential capacity to adapt to stress 

will cause differential reductions in fitness, and some, more ‘adaptable’ organisms will prosper while others 

will succumb. This selection will drive evolutionary change in the species and increasing tolerance levels in 

future generations. At some stress level the necessary strategies to withstand the stress (over multi-

generational periods) will exceed the repertoire of options available in the genetic diversity of the species, and 

population reductions, and at least local extinction, will ensue. 

Therefore, with reference to the freshwater crayfish to be studied here, it would be anticipated that 

evolutionary history has equipped the animals with the capacity to become conditioned to seasonal thermal 

stress without excessive fitness cost (in terms of partitioning of response from growth to protective responses), 

but may suffer excessive fitness cost when exposed to a thermal stressor outside typical annual temperature 

ranges. 

These effects of imposed stress are illustrated in an intensity/time phase diagram in figure 1. The figure is 

entirely schematic and intended to provide only a general picture of the processes considered in this thesis. 

The range of stress intensities and time-spans of interest in this study are indicated by the shaded areas in the 

middle of the diagram.  

In the region of interest in this study (Figure 1), where stresses are applied for periods of weeks to seasons, the 

manner in which effects manifest within the organism may show different dynamics with intensity of the 

stressor (Figure 2). Under the condition that no stress is imposed, there would presumably be no consequences 

(where consequences may be damage to the organism or metabolic cost of mounting a response to eliminate 

or minimise damage, or such cost of repairing damage). In the case that the stress is of non-zero level, some 
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consequences may be expected (line B on Figure 2), and these consequences will be higher for higher stress 

levels. It is not clear whether there is a range of stress levels in which there are no consequences (line C, 

where there is a true optimum range, and consequences only arise when conditions exceed that range) or 

whether any level of stress will have at least some consequences (line B, where there is only an optimum point 

on the stress scale). Further, it is not obvious whether there is a level of stress where there are no 

consequences (line B) or at all real levels at least some consequences occur (line A). The difference is 

important, as the possibility that line A applies means that we can only quantify responses to increased 

temperature by examining changes in response indicators, and absolute values may be misleading. 

 

Figure 2: Differing consequences from three theoretical states of response to a cumulatively increasing 
stressor. 

 

In any case, we cannot measure ‘consequences’ but only levels of physiological or biochemical conditions in 

the organism which are imperfect indicators of the effects of the stress in the organism. Some consequences 

will be present but unmeasurable, and others will be measurable, but caused by more factors than the stress 

under study. It seems likely that a pattern of physiological and biochemical responses will give a better 

understanding of conditions within the organism than any one indicator alone.  
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The path of inference in this study is that imposition of stress (high temperature) on these animals is likely to 

create a physiological strain in the animal (e.g. lowered immune function, reduce O2 transport). We cannot 

measure this strain directly, but we can measure responses that the animal has implemented to minimise the 

induced reduction in fitness that the physiological strain might produce (e.g. increased haemocyte count, 

glutathione production). If this study can verify that such measurable responses are proportional to imposed 

stress, we can use these measurements to infer the amount of strain the animal is enduring, and make 

estimates of the capacity of the animal to endure larger amounts of stress. 

In mounting a protective response to a stressor, the organism will incur at least metabolic costs. Thus 

responding to a stressor is not cost-free. Indeed, at high levels of response, the physiological or biochemical 

response itself may cause damage in the organism (as for example may be the fever response to infection in 

humans). At most, possibly all, levels of stress and response it could be assumed that the sum cost of 

physiological strain, response and response-caused damage would be less than what would exist, if the stress 

was not responded to. Therefore, it is logical that an organism will not demonstrate a response, which itself is 

prejudicial in terms of resource ‘cost’ or consequent damage, unless the stressor is present and the reduction in 

cost of the strain is greater than any cost associated with the protective response, so that the sum of the two is 

reduced overall cost. It is proposed that if any discernible protective response to stress is evident within an 

organism, the organism is, or has been, outside of optimal conditions, in this thesis due to thermal stress. 

Thus, the organism displaying the prejudicial response (in terms of ‘cost’) to increased temperature is under 

direct thermal stress and would be under an even greater prejudicial cost if the responses were not 

implemented.  

As such, continuation of the thermal stressor (to prejudicial levels) will follow one of two paths;  

(1) where the summation of the prejudicial effect of stressor and protective responses increase continually 

but not proportionally with exposure to the stressor, indicating net control of homeostasis, if at some 

cost or;  

(2) where the summation of the prejudicial effect of the stressor and protective responses rise in 

proportion with exposure to stressor, indicating inadequacy of protective response, as illustrated by 

the higher net cost than the summation in the former.  

Within this study I anticipate that the former path applies to existing animals in their natural environment, 

even if they are suffering from thermal stress under their normally warmest conditions. It is the protective 

responses that are assessable with the physiological and biochemical assays that will be implemented, and 

which provide the proxy for quantification of fitness-reducing conditions. As these crayfish appear to have 

strict altitudinal (taken to equate to thermal in this study) boundaries for dispersal and a requirement for cool-

water conditions, any indication of fitness-reducing conditions will give insight into the potential impact of 

increasing environmental temperatures in the future.  
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Thus we are dealing with a system in which the imposition of a stressor (high temperature) may have 

consequences in the organism (crayfish). The consequences (largely negative) may be impacts, such as an 

increase in oxidant products resulting from oxidative stress (an increased level of free radicals produced over 

the capacity of antioxidant defence systems to inactivate them) and responses such as changes in physiology 

or biochemistry, the purpose of which is to minimise the impacts, and these responses may also themselves 

have impacts. All these consequences are expected to carry costs for the organism, which will proximately be 

metabolic and may be ultimately expressed as reduced fitness. 

In chapters 4 and 5 of this study, the magnitude of a change in measurements of impacts or responses from 

cool to warm seasons will give an indication to the direct effect of the thermal stressor on the organism. 

 

1.1 THERMAL NICHES 
Generally, organisms will have adopted and/or adapted to thermal niches in which they will now currently 

physiologically perform most efficiently (Coutant 1987). The thermal niche of an organism can be defined by 

various parameters including; optimal metabolic conditions, optimal physiological conditions, optimal 

behavioural (including reproduction) opportunities or distance from lethal thermal limits (Magnuson et al. 

1979). Those authors state that interference competition for temperature, as a resource, can be directly 

compared to interference competition for a food resource, in that in both instances progressively smaller 

individuals of a species will be forced to utilise marginal resources.  

The limiting factor of temperature is apparent in altitudinal-gradient thermal niches, where species are limited 

by physical barriers (i.e. forming thermal barriers for dispersal), driven by temperature regimes (Magnuson et 

al. 1979). Differences in age and size within a species may lead to partitioning of thermal resources, resulting 

in sub-optimal thermal conditions for those organisms unable to successfully compete for desirable 

temperature resources (Magnuson et al. 1979). Thus, thermal niches when viewed as a usable resource, are 

constrained by physical ‘barriers’ where conditions diverge from optimal conditions and crossing these 

‘barriers’ reduces the fitness in an organism, due to reduced efficiency in an adverse environment (Coutant 

1987). Consequently, maximum growth outside of the optimal fundamental niche in both cool and warm 

water may reveal a decrease in fitness. Temperature variations 2°C either side of the centre of the niche 

resulted in the achievement of 93%-98% of normal growth (implying an intensity: consequences curve like 

line C in Figure 2), while a 5°C variation in temperature from the niche-centre resulted in only 54%-82% of 

normal growth (see review, Magnuson et al. 1979).  
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1.2 THERMAL TOLERANCES 
It is apparent that temperature is a key driving factor in influencing survival of ectotherms and subsequently 

their distribution across the landscape. The underlying thermal sensitivity, as a lack of capacity to tolerate a 

wide range of temperatures, of an organism will have a critical influence on its general ability to capture prey, 

avoid predation and interact with its environment (Huey and Stevenson 1979). An increased (or indeed, 

decreased) temperature may produce an predominant stressor which may manifest in several cellular stresses, 

for example metabolic impairment leading to energy failure and oxidative stress resulting in compromised 

antioxidant defence. The latter is indicated by unchecked free radical production, as proposed by Pörtner 

(2002), where oxygen systems are the first processes to be affected by temperatures outside optimal 

conditions.  Additionally, increased protective strategies in response to an increase in the thermal stressor can 

incur significant increased metabolic ‘cost’.  

The maintenance of homeostasis in both optimal conditions and during exposure to a stressor requires specific 

physiological and biochemical processes which may interplay due to various interactions between the 

particular processes. Through the various comparative studies conducted on inter- and intra-specific 

competitiveness and fitness, negative relationships are evident between unusually elevated environmental 

temperature and overall fitness (Huey and Kingsolver 1989, Garbuz et al. 2003). Increased temperature as an 

predominant stressor, enhances, in particular, metabolic and oxidative stress on an organism, and 

physiological and biochemical responses are scaled in relation to the severity and duration of the stress 

(Somero and Hochachka 1971, Pörtner 2002). Noting this, as protective responses may also occur naturally at 

optimal temperatures (especially those pertaining to oxidative stress — i.e. line A, in figure 1 evidently 

applies), care must be taken to account for naturally-occurring noise in stress responses (Matsumasa and 

Murai 2005, Malev et al. 2010). Additionally, some indices for determining the effect of a particular stressor 

(e.g. nutritional vs thermal) may be tissue-specific and give erroneous results if inappropriate tissue is used as 

the test sample (Dalle-Donne et al. 2003, Selvakumar and Geraldine 2005, Lushchak and Bagnyukova 

2006b). While the occurrence of constantly-occurring ‘noise’ would appear to be a limitation to demonstrating 

evidence to a response to a stressor, it allows for baseline levels of protective responses of oxidative systems 

and oxidant products to be assessed. As baseline levels would be expected to occur at optimal temperatures, 

deviation from both baseline indicators with a change in temperature would indicate a stress response. 

Pörtner (2002) states that circulating oxygen tension is maintained at a minimal level to fulfil metabolic 

oxygen demand at a mean between normal environmental temperatures, creating a species-specific 

temperature labelled the pejus point (a threshold for sub-optimal conditions), where deleterious effects are 

first realised. Due to the diminishment of oxygen tension with increased temperature, deleterious effects 

would be observed at a mitochondrial level before other cellular components are affected.  As such, 

mitochondrial processes will be affected before other cellular components, and may result in major disruption 

within the organism. This instance will increase free radical formation and associated oxidative damage 
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allowing for the detection of the disruption. Species-specific variation in the extent of protective responses 

against both the increased hypoxic state and oxidative damage within the cell will result in the differences of 

thermotolerance between species, manifesting in differences between basal thermotolerance.  

Thermotolerance can be heightened with conditioning (i.e. pre-exposure) to elevated temperature. As 

indicated above, the conditioning in shorter terms may result in an adaptive measure, with associated 

deleterious impacts to organismal fitness, however, permits the protective response to be promptly 

implemented upon re-occurrence of the stressor in the proximate future. In this way, seasonal temperature 

variations effects can be mitigated with mechanisms for protection against cellular stress being implemented 

before the stressor can cause irreversible damage. 

Conditioning through acclimatisation involves many changes to sub-structures and efficient functioning of the 

cell. These changes in cell components can confer tolerance to ‘cellular stresses’ arising from an predominant 

thermal stress. Responses arise from the need to protect or regulate necessary cellular function. Due to 

thermospecific requirements, such as enzyme substrate coefficients; substitution of non-compatible (i.e. 

thermolabile) enzyme isoforms with new thermospecific isoforms will increase. In the same way, 

thermosensitive proteins may be chaperoned by specialised proteins while they are under synthesis, leading to 

an increase in the activity and production of these chaperone proteins.  

While responses to environmental conditions are necessary for survival, responsive processes such as 

increased protein cycling and chaperoning may substantially decrease cellular fitness through depletion of free 

resources (Feder et al. 1992, Tirard et al. 1995). This has a substantial impact on an organism’s physiology 

and the overall fitness of the individual, potentially reducing the long-term survival or reproductive 

capabilities of the organism (Hofmann and Somero 1995). These responsive processes of adaptation, which 

are slower to develop, longer-lasting and help to offset continual drain on metabolic processes remain 

potentially costly to fitness. Dynamic adaptation is necessary to optimise cellular function and if the 

regulating process is realised the process is beneficial and advantageous to the organism, however only if the 

stressor is at a magnitude that doesn’t exceed protective responses . Furthermore, while protective responses 

to thermal stress may themselves have a prejudicial effect on the organism, the incorporation of a protective 

response (even with incurred costs to the organism) does confer an enhanced fitness in comparison to a lack, 

or inadequacy, in protective response. 

Physiological constraints are the main determinant of a species’ distribution. Tomanek and Somero (1999) 

demonstrated that genetically-fixed differences between congeneric marine snails are the main driving force in 

temperature tolerances. Although it was observed that plasticity of response to a range of thermal conditions 

in marine snails can occur, differences were generally dependant on thermal regimes over evolutionary 

history. Therefore, fixed genetic differences are an important factor in determining the distribution of species, 

especially in those which are at the edge of tolerated temperatures (Tomanek and Somero 1999). The limited 
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extent of physiological responses to stressors means that at some levels, stressors, such as elevated 

temperature, prejudice performance in ectothermic organisms (Huey and Kingsolver 1989).  

As temperature rises outside the pejus point (a point past which species-specific, heat-induced hypoxia occurs 

and aerobic capacity diminishes) (Pörtner 2002), it is expected that heat-induced injury will initiate an 

increase in required response mechanisms (Heise et al. 2006). At temperatures approaching the pejus point, 

metabolic responses (metabolic reorganisation) can counteract heat-induced oxidative damage, however once 

this point is exceeded protective systems become inadequate, presumably due to a change in the cellular redox 

state and biochemical interactions (Heise et al. 2006). The reduction of oxidative protection such as this has 

been suggested to be the cause of heat-induced protein denaturation (Kregel 2002, Pörtner 2002). The link 

between an induction of increased thermotolerance and such protective responses, particularly the 

accumulation of chaperone proteins, is well established (McAlister and Finkelstein 1980, Berger and 

Woodward 1983, Riabowol et al. 1988, Li et al. 1992).  

Intuitively, organisms with a larger basal thermotolerance (line C of Figure 1) should be expected to produce a 

larger magnitude of protective response to increased degrees of environmental stress; but this does not occur 

because responses are deferred to higher trigger thresholds than in lesser thermotolerant organisms, even close 

cousins or sympatric organisms. This is clearly demonstrated in a desert species of Drosophila, where at the 

adult development stage, a higher basal thermotolerance was expressed in one species and in this same 

species, a protective response was expressed at a much higher temperature than two, less-thermotolerant 

species (Krebs 1999). Clearly, such ‘robustness’ of an organism may reduce the need for costly protective 

responses at normally tolerable temperatures and is likely to be a result of evolutionary adaptation to a 

particular upper range of temperatures (Leroi et al. 1994, Huey et al. 1999). If such robustness confers 

capacity to withstand even higher temperatures, which are not encountered in their habitat, the organism will 

carry the burden of this capacity with no realised benefits (Leroi et al. 1994). Such unnecessary robustness 

would be expected to disappear from the population, although the capacity to restore it is subject to strong 

selection and may remain in the species genetic make-up. This indicates that, where habitats have changed in 

recent evolutionary time, responses to stress may occur at what appears to ‘pre-selected’ levels of the 

temperature range in which the organism is living, demonstrating differing niches of thermal preference 

between species. 

The increased use of metabolic resources, in order to protect thermally-labile systems and for metabolic 

processes within the organism, will have a follow-on effect on other processes, and so is measurable using 

biochemical and physiological changes (Bachinski et al. 1997, Malev et al. 2010, Matozzo et al. 2011). For 

example, an increase in metabolic rate will increase aerobic respiration and consumption of glucose and lipid 

stores (Pollero et al. 1991, Lord-Fontaine and Averill-Bates 2002) and, as these stores are depleted, 

haemolymph protein reserves may be consumed to maintain metabolic activity (Matozzo et al. 2011); muscle 

protein may then be liberated to increase total haemolymph protein concentrations.  
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Increased temperature will also result in an increase in oxidative stress. The presence of an elevated level of 

reactive oxygen species (ROS) will directly relate to the severity of oxidation on cellular components and 

subsequently initiate a correlated increase in cellular oxidation effects and antioxidant activity (Bruskov et al. 

2002, Lushchak and Bagnyukova 2006a, Bagnyukova et al. 2007b). The regulation of oxidation is achieved 

via several mechanisms and under ‘normal’ conditions is adequate to mitigate cellular damage; however 

conditions outside these ranges will ultimately result in an inadequate response and accumulating oxidative 

damage (Halliwell and Gutteridge 1999). Due to the mechanics involved in the cross-play between oxidative 

processes and protective responses, a complementary suite of assays is suggested to quantify a true stress 

response (see review by Dotan et al. 2004). 

 

1.3 RELEVANT INDICATORS OF STRESS 
1.3.1 TARGET TISSUES IN CRUSTACEANS 

1.3.1.1 HAEMOLYMPH 

The circulatory fluid of crustaceans functions in a similar way to the circulatory fluid in vertebrates; however 

the primary protein for oxygen transport is haemocyanin. Haemocyanin is freely dissolved in haemolymph 

and binding of oxygen to haemocyanin is reversible; one O2 molecule binding to two copper atoms (Mellema 

and Klug 1972).  Increasing temperature affects the acid-base balance of the haemolymph and reduces the 

capacity of haemolymph to transport oxygen (Payette and McGaw 2003) through a dual impact by reduction 

of the solubility coefficient of oxygen in haemolymph, in addition to reducing the oxygen affinity of 

haemocyanin (Taylor 1981). The vascular system is open and contains freely circulating haemocytes 

(Matozzo and Marin 2010), responsible for wound repair and immune defence (Bauchau 1981). In crustaceans 

haemocytic cells fall into three categories: those cells that are granular (granulocytes), semi-granular 

(semigranulocytes) and non-granular (hyalinocytes) (Johnston et al. 1973, Persson et al. 1987b). As heat 

stress causes rapid induction of haemocyte messenger RNA (for the synthesis of haemocytes), it has been 

suggested that haemocytes are one of the first tissues affected by an increase in thermal stress (Visudtiphole et 

al. 2010). Changes in metabolic processes (Matozzo et al. 2011), hormone changes such as hyperglycemic 

hormones (Keller et al. 1985, Chang et al. 1998), oxidative products (Gutteridge and Halliwell 1990) or 

antioxidant processes (Sies 1999) may indicate responses to stressors occurring within this tissue. 

Haemolymph is thus an important circulating tissue and sampling could indicate early stages of cellular 

response to thermal or other stressors. 
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1.3.1.2 HEPATOPANCREAS (MIDGUT GLAND) 

The hepatopancreas is an important storage organ for copper and is responsible for haemocyanin synthesis 

(for a review, see Depledge and Bjerregaard 1989). Additionally, the hepatopancreas is the primary storage 

unit for lipids which are mobilised during starvation (Van Weel 1974, Sánchez-Paz et al. 2006), and various 

digestive enzymes (Van Weel 1974). The organ has been long been identified as of metabolic importance, in 

respect of storage, synthesis and catabolism (Marangos et al. 1989). During stress, the hepatopancreas appears 

to play a role in energy expenditure and protein synthesis (Marangos et al. 1989). For example, an increase in 

metabolism would drive further need for metabolic resources, and a consequent reduction in size and 

composition of hepatopancreas tissue would be expected. Therefore, samples taken from the hepatopancreas 

would allow complementary assessment of metabolic processes (alongside haemolymph changes), specifically 

stress-related changes in consumption of lipid and protein reserves. 

 

1.3.1.3 MUSCLE TISSUE 

Muscle tissue, as with hepatopancreas and haemolymph tissue, is a major nutritional storage site in 

crustaceans (Gibson and Barker 1979, Marangos et al. 1989, Ramos et al. 1996). Breakdown of muscle tissue 

due to oxidative stress may occur; however the removal of metabolic products to haemolymph will mitigate 

deleterious effects. The role of muscle tissue as a reservoir for energy reserves allows the tissue to be an 

effective indicator of metabolic health (Sánchez-Paz et al. 2006). During metabolic stress, protein and lipid 

reserves may be catabolised for respiration (Sánchez-Paz et al. 2006, Sanchez-Paz et al. 2007), and appears to 

be induced by moderate magnitudes of stress, rather than exclusively by extremes of stress. As such, a 

decrease in muscle lipid and protein reserves may complement indicators of oxidative stress in haemolymph 

and other tissue. 

 

1.3.2 METABOLIC INDICATORS OF STRESS 

In response to a moderate thermal stress, metabolic indicators of stress will initially fluctuate and generally 

decrease in state with continued exposure. Inadequacies in oxygen delivery will likely exist with higher 

temperatures (outside the pejus zone), metabolic variables will have a higher consumption due to changes to 

metabolic cycles, including changes in protein synthesis and upregulation of protective compounds. While a 

variation in the state of metabolic resources do not necessarily demonstrate direct evidence of a response to a 

stressor, a variation may allow greater insight into the physiological response of an organism; especially when 

combined with assessment of biochemical variation. 
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Haemolymph Protein Content 

Several different protein groups are present in the total protein in haemolymph. The main constituent is the 

oxygen transport protein, haemocyanin, followed by the other main protein groups of coagulogen, 

apohaemocyanin,  and various hormones (Depledge and Bjerregaard 1989). Protein concentration in many 

crustaceans generally ranges from 40-80 mg ml-1 (for a review, see Depledge and Bjerregaard 1989). 

Substantial intra-specific differences in individual haemolymph protein concentrations have been noted within 

literature (Chu and La Peyre 1989, Depledge and Bjerregaard 1989).  

Within crustaceans, protein serves as a primary energy source and is generally catabolised after lipids during 

starvation (Sánchez-Paz et al. 2006). Decrease in haemolymph protein thus varies with nutritional state and 

decreases are particularly evident during starvation (see review by Sánchez-Paz et al. 2006). Additionally, 

catabolism of other main haemolymph proteins may be a response to the metabolic demands of stress from 

high temperature (Helland et al. 2003, Sanchez-Paz et al. 2007, Matozzo et al. 2011). This catabolism of 

haemolymph protein (and reduced total protein concentration in the haemolymph) with increasing temperature 

is evident in the green crab (Matozzo et al. 2011) and marine prawn (Sánchez et al. 2001), while in contrast, 

an increase in haemolymph protein concentrations was observed in some freshwater crayfish (Malev et al. 

2010). The increase in haemolymph protein concentrations may be due to liberated protein from other tissues, 

demonstrating the ability to offset a diminished concentration of circulating proteins in acute exposure to 

metabolic stress. 

 

Muscle Protein Content 

As protein quantity and quality are required for maintenance of physiological state, protein reserves will not 

be liberated for metabolism until the less essential lipid reserves have been depleted (D'Abramo and Sheen 

1994). Generally, haemolymph protein is liberated for metabolism before muscle proteins are mobilised 

(Sánchez-Paz et al. 2006), since muscle function would be expected to be reduced. Studies indicate that 

protein depletion is a slow, continual process in contrast to the rapid utilisation of lipids (see review by, 

Sánchez-Paz et al. 2006). The effect of metabolic stress on muscle protein content has been widely studied 

across many organisms: spiny lobster larvae (Ritar et al. 2003); marine crabs (Neiland and Scheer 1953); 

marine prawns (Schafer 1968); marine shrimp (Cuzon and Ceccaldi 1973); marine copepods (Helland et al. 

2003) and subterranean aquatic crustaceans (Hervant and Renault 2002); all demonstrating a decrease in 

muscle protein content consequent on nutritional stress. It is anticipated that an predominant thermal stressor 

would increase metabolic stress and if any nutritional inadequacy existed, this same effect on muscle protein 

would be observed. 
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Muscle Lipid Content 

As with haemolymph and muscle protein changes during metabolic stress, lipid concentrations will decrease 

in response to metabolic stress. A main source of energy for crustaceans, in addition to proteins and rather 

than carbohydrates, are lipids and their levels are therefore a key indicator of condition (Sánchez-Paz et al. 

2006). While the main storage unit of lipids in crustaceans is the hepatopancreas (Sánchez-Paz et al. 2006), 

lipids are stored as lipid droplets in muscle tissue as well as in the form of structural lipids (Lands 1965). 

During instances of reduced haemolymphatic glucose levels, ‘lipid droplets’ in the form of fatty acids and 

glycerols are liberated via lipolysis. Triacylglycerols are then produced through the ketogenesis pathway 

(Palacios et al. 1999) for respiration (Lands 1965). Therefore changes in lipid concentrations can be used as 

an index of nutritional condition (Angus 1989, Ramos et al. 1996). After the initial lipid and protein reserves 

have been consumed, structural lipid reserves may be consumed; a ‘last-resort’ processes, and a process only 

adult organisms, generally, can survive (Sánchez-Paz et al. 2006). Decreases in lipids with increased 

temperature are evident in marine prawns (Sánchez et al. 2001) and freshwater crayfish egg development 

(García-Guerrero et al. 2003), while also evident with stress in a range of subterranean aquatic crustaceans 

(Hervant and Renault 2002). 

 

Total Haemocyte Count 

While not directly an indicator of metabolic stress, total haemocyte counts will respond to various 

environmental stressors. In a manner similar to the metabolic pathways, total haemocyte counts are modulated 

by variation in environmental temperature, especially higher temperatures (Brockton and Smith 2008, Malev 

et al. 2010, Matozzo et al. 2011). Matozzo et al. (2011) proposed that during thermal stress in marine crabs, 

haemocyte immobilisation occurs within gills; the same process has been demonstrated in mercury-exposed 

prawns (Victor et al. 1990) or bacterial infection in other decapod crustaceans (Martin et al. 2000, Burnett et 

al. 2006). Circulating haemocytes are primarily responsible for immunological process, so any compromise in 

this system increases susceptibility to infection (Jiravanichpaisal et al. 2004). With coinciding disruption of 

biochemical and metabolic processes, a disruption in immunological processes would exacerbate the effects 

thermal stress, due to amplification of synergistic cellular effects of increased chance of infection.  

 With low levels of imposed stress, total haemocyte counts increase. The initial increase is suggested to be due 

to the release of haemocytes from haematopoietic organs (Truscott and White 1990). Such increases have 

been observed in a freshwater crab (Malev et al. 2010) and marine prawn (Sánchez et al. 2001).In thermal 

stress studies, it appears there is a critical threshold where the number of circulating haemocytes stops 

increasing and due to immobilisation, decreases. It would appear, that the threshold is often exceeded in 

thermal studies, as decreases in total haemocytes with increasing temperature have been observed in a 
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freshwater prawn (Cheng and Chen 2000), marine prawn (Cheng et al. 2005) and the green crab (Brockton 

and Smith 2008, Matozzo et al. 2011). 

 

1.3.3 OXIDATIVE INDICATORS OF STRESS 

As described in sections above, the imposition of a thermal stressor will increase cellular oxidative stress in an 

organism. Assessment of oxidative stress indicator levels may demonstrate oxidative damage and protective 

responses to minimise or correct that damage. These processes will become increasingly evident with the 

measurement of coinciding indicators, for example lipid peroxidation and concentration and composition of 

the antioxidant glutathione. As reactive oxygen species (ROS) concentrations are short-lived and hence 

difficult to quantify using oxidation products, changes to the processes involved in their control can further 

indicate physiological condition in the organism. The entirety of the oxidative stress cycle revolves around the 

production and control of reactive oxygen species. Reactive oxygen species are produced through several 

mitochondrial pathways including cytochrome complex I, cytochrome complex III, flavin-containing enzymes 

and iron-sulphur enzymes (Imlay 2003). Within the cytochrome I complex, H2O2 is produced during re-

oxidation of the complex’s flavin mononucleotide (Turrens et al. 1985, Turrens 2003), indicating that a 

superoxide is produced and spontaneously dismutated to H202. Within cytochrome III, the electron transfer 

between ubiquinol to cytochrome c, which involves an intermediatory ubisemiquinone radical, is a proposed 

site of superoxide formation (Imlay 2003). 

Under normal respiratory processes, these pathways are the main cellular site for ROS generation with 

estimations of conversion of 1-3% of oxygen consumption for respiration leading to free radical formation, 

generally through electron leak within the respiratory chain (Boveris and Chaance 1973, Nohl and Hegner 

1978). Maintenance of low levels of radical formation is driven naturally by the reductive state of the electron 

transport chain (Imlay 2003). Fluxes in oxygen concentration and tension (such as through thermally-induced 

hypoxic stress) lead to an increase in the reductive state, and upon re-oxygenation, reperfusion stress causes a 

ROS burst, potentially damaging cellular components. While ROS production appears deleterious, the redox 

signalling provided by physiologically-viable levels of ROS species is necessary for normal function. 

Reactive oxygen species are capable of oxidising biomolecules, where oxygen itself is poorly reactive, 

allowing redox signalling (Imlay 2003). However, higher levels of ROS species leads to oxidative damage to 

cellular components, demonstrating the need for adequate protective mechanisms against ‘uncontrolled’ ROS 

formation (Kirkinezos and Moraes 2001). As ROS formation can be directly linked to the presence of a 

stressor, due to a departure outside the pejus zone and subsequent thermal-driven hypoxia and protective 

responses will be mounted against increased reactive oxygen species. 
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Lipid Peroxidation 

One  relevant example of cellular oxidative damage is free-radical-mediated lipid peroxidation (LPO) 

(Kirkinezos and Moraes 2001, Imlay 2003). Girotti (1985) identified that lipid peroxidation of fatty acids 

occurs through abstraction of weakly-bonded hydrogen by the oxidant by free-radical attack initiating the 

formation of lipid hydroperoxides. Susceptibility to oxidation of lipids differs due to the general cellular 

environment, however general susceptibility to oxidation in unsaturated fatty acids increases with the number 

of double bonds, due to reduction in rigidity of fatty acid moieties (Niki 2009).  

The resulting radical is then stabilised by a conjugated diene system, and by addition of molecular oxygen 

produces a conjugated peroxyl radical (LOO·). This moiety then abstracts weakly bonded hydrogen from an 

unsaturated fatty acid, forming lipid hydroperoxide (LOOH) and initiating further peroxidation. Lipid 

peroxidation can occur both enzymatically and by free-radical attack and while the former is controlled, 

uncontrolled free-radical formation of LPOs, due to the autoxidation process, relies on protective responses to 

break chain reaction formation and reduce oxidative damage (Girotti 1985).  

As with the concentrations of free-radicals, low levels of LPOs may have beneficial effects; primarily in 

cellular signalling as redox signalling mediators and for initiating oxidative stress responses (Niki 2009). 

However at higher levels, deleterious effects prevail. At higher concentrations of lipid peroxidation, lipid 

composition of the membrane layer is altered; with changes to thermotropic phase behaviour (temperature-

dependant lipid mobility), and decreases in electric resistance can decrease membrane protein rotational and 

lateral mobility, decreasing cellular signalling (Richter 1987). As cellular membranes have a low electrical 

conductivity, for normal physiological function, a decrease in electric resistance (i.e. increase in conductivity) 

interrupts cell function. Therefore, cumulative changes to lipid composition of cellular membranes will have 

deleterious effect leading to cellular dysfunction.  

Lipid peroxidation increases with thermal stress (Parihar and Dubey 1995) indicating that thermal stress 

enhances the generation of oxygen radicals (Jones 1985), potentiating cumulative increases in lipid 

autoxidation. Therefore increased temperature will lead to an increase in free-radical mediated lipid 

peroxidation, and the need for enhanced protective responses, as observed in a myriad of systems including 

broiler chicken (Pamok et al. 2009), coral (Downs et al. 2000), frogs (Pérez-Campo et al. 1990), mussels 

(Verlecar et al. 2007), freshwater prawn (Downs et al. 2001), rat and guinea pig (Ando et al. 1993), thornfish 

(Chien and Hwang 2001), freshwater rotan (fish) (Bagnyukova et al. 2007a), goldfish (Lushchak and 

Bagnyukova 2006a, Bagnyukova et al. 2007b) and fruit fly (Sestini et al. 1991).  

Instances of limited change or reduced lipid peroxidation with temperature are also noted, for example in 

studies on carp (Rady 1993) and marine gastropods (Deschaseaux et al. 2011). Coincident increased 

glutathione processes were also observed in the former, indicating that if protective responses are adequate, 

autoxidation may be limited. The general increase in lipid peroxidation in both vertebrate and invertebrate 
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systems implies that most organisms, especially those exposed to temperatures nearing the thermal maxima, 

will have a discernible increase in oxidative products. These increases will have deleterious effects on the 

fitness of the organism; with degenerative and pathological outcomes if the protective systems are 

overwhelmed (Niki 2009). 

 

Protein Carbonyl Groups 

Protein carbonyl formation, as for lipid peroxidation, is widely used as a measure of injury (Buss et al. 1997, 

Dalle-Donne et al. 2003) and may be used in a similar manner to detect abnormal levels of free-radicals, as 

protein oxidation is dependent on both magnitude of oxidative stress and operation of protective responses 

(Droge 2002). Like lipid peroxidation, protein oxidation occurs naturally, primarily through covalent 

modification of protein amino acids residues (Levine et al. 1990). Naturally-occurring free-radical species, 

such as those implicated in lipid peroxidation, may contribute to protein oxidation, however non-free-radicals 

may also contribute (Harding 1985, Dalle-Donne et al. 2003). Stadtman (1992) implicates site-specific 

oxidation of amino acid residues from the outcome of metal-catalysed reactions of free-radical species with 

proteins. Rather than being formed primarily by leakage from the protein transport chain; these non-free-

radicals factors in protein oxidation are formed though interaction between H2O2 and Fe (II). Changes to 

proteins during oxidation by free-radicals results in aldehydes and ketone group formation (especially during 

oxidation of arginine, lysine, threonine and proline side chains) (Dalle-Donne et al. 2003), while at metal-

binding sites, cleavages form peptide fragment amide groups and α–ketoacyl groups (Stadtman 1992). The 

formation of protein carbonyl groups may not necessarily be formed by free-radical and amino acid residues 

interactions but may be produced as a consequence of lipid peroxidation (Dalle-Donne et al. 2003). Both 

mechanisms of protein carbonyl formation will result from an increase in a hypoxic stressor, due to both 

increased lipid peroxidation and ROS formation. As such, an increase in protein carbonyl groups with 

temperature may provide evidence of a thermally-induced hypoxic stress and inadequate protective response. 

 

Glutathione Cycle 

The tri-peptide glutathione sulphide (as reduced glutathione rGSH) is essential for removing cellular ROS 

from the intra-cellular space (Meister and Anderson 1983). Glutathione in its reduced form is produced by the 

production of a glutamate and cysteine complex via the ATP-consuming enzymatic process of glutamyl-

cysteine ligase. The resultant glutathione sulphide compound is oxidised by free radical attack and initiates the 

formation between the oxidised rGSH and another glutathione sulphide (rGSH) peptide, forming a glutathione 

disulfide complex (oxidised glutathione: GSSG). The attached ROS is then either removed from the complex 

or the conjugate is removed via the enzyme glutathione transferase (Gutteridge 1995). Removal of the 
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conjugate is atypical, relative to the reduction of the oxidised glutathione complex. The reduction is achieved 

via the ATP-consuming enzymatic action of Glutathione Reductase (GSR). The glutathione disulfide complex 

is split and the ROS conjugated with NADPH which further reacts with the glucose dehydrogenase enzyme, 

G-6-PD, to remove the ROS from the system. The reduced glutathione is subsequently recycled and ‘ready’ to 

capture a further ROS for the creation of another oxidised glutathione compound. This cycle of glutathione 

oxidation and reduction is highly conserved in many species throughout evolutionary history, due to the need 

for organisms to minimise damage to biological components (Meister and Anderson 1983, Halliwell and 

Gutteridge 1999), demonstrating the efficiency of removing ROS from the system and the importance of the 

system.  

Generally, total glutathione decreases with an initial exposure to increased ROS (Sagara et al. 1998), and may 

increase in concentration in response to continued stress exposure (Sies 1999), presumably as synthesis is 

upregulated.  Therefore, an increase in the oxidation state of glutathione is indicative of deleterious effects of 

increased ROS attack (or protective deficiency) on the glutathione mechanisms, and consequently cellular 

function. The breakdown is commonly measured by identifying a shift to a decreased ratio of reduced 

glutathione to the dual-oxidised glutathione (due to the binding of 2 glutathione to create a single oxidised 

glutathione compound). The shift in redox ratio towards oxidation has wide ranging implications for cellular 

functions (Schafer and Buettner 2001). Larger shifts towards a cellular oxidised state will result in limited 

protection from ROS. This will cumulatively result in cellular dysfunction, injury and possible death of the 

organism (Renshaw et al. 2012). 

 

Superoxide Dismutase 

Superoxide dismutase (SOD) has been closely studied in mammals, due to the pathogenic effects of 

inadequate SOD activity. Currently, three isoforms exist in varying cellular locations: (1) manganese SOD is 

found in mitochondria, (2) copper-zinc-containing SOD is found in cytosol and (3) extracellular SOD 

(Fridovich 1995, Zelko et al. 2002). The two former forms of SOD are well-studied and are listed as total 

SOD for biochemical analysis while extracellular SOD is relatively new and under-studied (Zelko et al. 2002). 

The enzyme is so necessary for function that yeast, lacking either manganese or copper-zinc isoforms, is 

oxygen intolerant; fruit flies (Drosophila)  also demonstrate shortened lifespan with the removal of copper-

zinc SOD (Fridovich 1995). Superoxide dismutase is responsible for the enzymatic control of the superoxide 

anion and appears a critical enzyme for dealing with thermal stresses, specifically heat shock (McCord and 

Fridovich 1969, Zelko et al. 2002, Lushchak and Bagnyukova 2006b). The resulting peroxide, as previously 

mentioned, either spontaneously degrades to molecular oxygen and H2O or is converted to H2O by the enzyme 

catalase (Fridovich 1995). Due to the importance of protection afforded by the enzyme catalase, it is widely 

distributed across differing tissues (McCord and Fridovich 1969). Generally, it appears that total SOD activity 
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is upregulated with exposure to thermal stress, with increase observed in studies on coral (Downs et al. 2000), 

carp (Rady 1993), goldfish (Lushchak and Bagnyukova 2006b) and frogs (Bagnyukova et al. 2003). An 

increase in total SOD activity was also observed between winter and summer in mud crabs (Kong et al. 2008). 

However a decrease in total SOD activity has been noted in the marine prawn (Cheng et al. 2005) and a 

marine fish (Heise et al. 2006) in response to increased temperature, along with limited SOD activity variation 

in the marine crab (Matozzo et al. 2011). The lowered activity rates may be due to a thermal impairment of 

the protein (see review by, Abele and Puntarulo 2004). 

 

1.4 FRESHWATER CRAYFISH 
Freshwater crayfish are usually the largest invertebrates in freshwater systems (Holdich 2002) and play an 

important role in nutrient liberation, processing of organic material (Momot et al. 1978) and ecosystem 

engineering due to their capacity to facilitate “the provision of resources, other than themselves, to other 

biota” (Jones et al. 1994, Furse 2010). Crayfish of genus Euastacus are able to occupy many different types of 

habitats (Morgan 1988, Furse and Coughran 2011a). However, many Euastacus species (such as E. bindal 

Morgan) have restricted distributions due to specific habitat requirements (presumably the need for specific 

vegetation types or cool conditions at high altitudes) (Morgan 1988, Coughran and Furse 2010b). In 

Queensland, these Euastacus species are restricted to relict populations, residing in high-altitude ‘islands’ 

(Ponniah and Hughes 2004). With anticipated climate change, these crayfish may be adversely affected by 

increasing environmental temperatures due to their cool-water specialisation and the informed speculation of 

an evolutionary loss of some critical gene-regulatory responses due to long-term cold adaptation (Somero 

2005). 

The genus Euastacus is the most populous of the 11 Australian crayfish genera and currently contains 52 

named species (Furse et al. 2013), plus a number of known but undescribed species. It contains some of the 

largest freshwater crayfish species (total size) in the world. Eighty percent of the genus is under a moderate to 

high risk of extinction (Coughran and Furse 2010b, Coughran and McCormack 2011, Furse and Coughran 

2011b, IUCN 2011). The genus is endemic to eastern continental Australia and species occupy a variety of 

habitats ranging from large lowland rivers in the south to high altitude damp gullies on isolated mountain 

peaks in far north Queensland (Coughran and Furse 2010b, Furse et al. 2012a). In Queensland, most 

Euastacus occupy cooler, high altitude habitats >300 m above sea level (Ponniah and Hughes 2006), however 

species outside Queensland occupy a range of altitudes from sea level to mountain-tops (i.e. ~1200 m a.s.l. for 

E. reiki Morgan) (Morgan 1988, 1997, Furse and Coughran 2011a). 

Due to the restricted distributions of high-altitude Euastacus, it is expected that, as a consequence of 

anticipated climate change, they will be negatively affected by any changes in both riparian vegetation 

assemblages and hydrological regimes, but possibly more directly, by any increases in environmental 
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temperature (Coughran and Furse 2010b, Furse and Coughran 2011b). Hogg and Williams (1996) speculated 

that other high-altitude aquatic invertebrates would show a decrease in body mass and fecundity even if any 

increase in temperature is tolerated in the short term (i.e. current generations) and these effects might readily 

be seen in the poikilothermic Euastacus. 

The implications of increases in environmental temperatures are relevant to most species of Euastacus, 

however the numerous species that reside in high-altitude montane habitats are expected to be more 

vulnerable due to apparently strict habitat specificity (Ponniah and Hughes 2004, 2006, Furse and Coughran 

2011b). In particular, it is clear that organisms on mountain-tops are unable to retreat to cooler habitats; they 

have no prospect of dispersing from cool-water refuges on mountain-tops and are highly susceptible to 

increases in environmental temperature and consequent extinction (Allan et al. 2005). Therefore, restricted 

and isolated high-altitude distributions and limited dispersal opportunities for some Euastacus, limit the 

potential for  relocation to other habitats in response to any rise in environmental temperature (Furse and 

Coughran 2011b). Due to evolutionary adaptation to the specific environments of Euastacus in eastern 

Australia, current impacts of higher environmental temperatures, namely in summer months, need to be 

identified, especially to assess the likely effects of future changes to the environment due to climate change.  
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1.5 GAPS IN KNOWLEDGE PERTAINING TO EUASTACUS 
While various aspects of biology in the freshwater crayfish, including Euastacus, have been studied in some 

detail, key aspects of the genus remain under-studied. As currently published, research aspects have focused 

on general biology in the more commonly-studied species of Euastacus such as E. armatus and E. sulcatus. 

There is a distinct lack of research into critically endangered Euastacus (IUCN 2011), specifically those in 

Queensland (see Appendix III, Table 1). Thermal biology has been noted as a key area of research needed in 

the face of anticipated increasing environmental temperatures associated with climate change (Coughran and 

Furse 2010b). However, limited research in this area has occurred regarding genus Euastacus and only two 

papers have been published concerning thermal biology aspects. Even within the broader field of 

physiological study, limited research (12% of all relevant publications) has been undertaken into Euastacus 

physiology (Table 1).  

Table 1: Summary of published, relevant research topics concerning genus Euastacus. 

Research Area Number Proportion of 89 (%) 
General Biology 35 39 

Physiology 11 12 
Genetic Biology 10 11 

Conservation 8 9 
New ID 7 8 

Taxonomy 5 6 
Fisheries 4 4 

Commensal Biology 4 4 
Overland Movement 3 3 

Genus Summary 3 3 
 

Of the physiological studies in Euastacus, the physiological studies focused on neural processes, muscle 

function, haemocyanin function, osmoregulation and behavioural response to hypoxia events, and the only 

papers focusing on thermal biology within Euastacus were conducted on E. sulcatus and studied acclimatory 

plasticity of muscle function (Lowe et al. 2010) and the thermal maximum of the species (Bone et al. 2014b). 

Two honours theses have focused on the response to hypoxia in E. armatus (the Murray crayfish) (Barley 

1984, Bezzobs 1989) , however neither was available for review. Another thesis focused on osmoregulation in 

E. armatus (Kaires 1979) and was also unavailable for review. Further, government reports compiled for the 

management of E. armatus suggested that little insight was gained from these theses and considering the 

research was unpublished, little can be done other than speculate as to their findings.  

Therefore, very limited research into the thermal biology of Euastacus is available, especially on those species 

with habitat restricted to high-altitude refugia in Queensland. Notably, most of the research into Euastacus has 

occurred in species within New South Wales and Victoria and are generally conducted on less-threatened 
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species. The lack of research into the thermal biology, specifically in critically endangered species within 

Queensland, underlines the need for the research in this thesis to be conducted.   

 

1.6 AIMS AND STRUCTURE OF THESIS 
This thesis consists of 7 chapters, including this general introduction, a general method chapter, 4 chapters and 

a subsequent general discussion chapter. Chapter 3 and 4 are formatted as manuscripts (as both are 

published/in review for publication), while chapter 5, 6 and 7 are formatted as general thesis chapters.  

This study is intended to fill appreciable knowledge gaps concerning the effect of current thermal stressors 

under naturally-occurring environmental conditions in selected Euastacus in Queensland; specifically those 

isolated to high-altitude montane habitat and potentially threatened by increasing environmental temperature. 

The objectives of each chapter of this thesis are; 

1. Develop a set of assays that demonstrate biochemical and physiological responses to thermal stress in 

decapod crustaceans using the feral species Cherax quadricarinatus as a model organism (chapter 3). 

2. Further develop a sub-set of those assays for field use on genus Euastacus by using both laboratory-

acclimated and field-acclimatised E. sulcatus. Identify temperatures where an observable stress 

response is evident in laboratory-acclimated individuals and identify differences in thermal regimes 

across the altitudinal distribution of E. sulcatus (chapter 4). 

3. Implement the assays (developed and tested in chapters 3 and 4) on seven species of Euastacus across 

the Queensland distribution of the genus. Use seasonal variation to determine if any species are 

stressed in its current climate during warm conditions (i.e. Summer) (chapter 5). 

4. Assess the evidence existence of thermal stress from chapter 5, and the evidence of current effects on 

the various species to assess the anticipated impact of climate change on each species of Euastacus 

(chapter 6). 
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Chapter 2: GENERAL METHODS 
2.1 SAMPLE COLLECTION 

Haemolymph was extracted by piercing the 30° end of the syringe through the membrane of the third or fourth 

walking leg (Lallier et al. 1987, Van Aardt and Wolmarans 1987, Harris and Andrews 2005). The 

haemolymph samples for physiological and biochemical responses were drawn into a 100 U ml-1 disodium-

heparin solution while the haemolymph samples used for the total haemocyte counts were drawn into a 4% 

formalin solution. The use of heparin as an anticoagulant was tested on C. quadricarinatus before 

experimentation as previous biochemical testing has demonstrated the presence of a heparin-binding protein in 

the decapod crustacean, Penaeus vannamei (Jiménez-Vega et al. 2002). 

Formalin and haemolymph samples were taken from the same crayfish, however previous experimentation 

demonstrated little interference in haemolymph parameters from rapid, repeated sampling and so repeated 

sampling was considered not to interfere with the quantification of total haemocyte counts in the study (also 

reported by Malham et al. 1998). The collection of 200 μl of haemolymph was a minimally-prejudicial 

extractable load, i.e. only a very small fraction of the estimated total haemolymph load (0.28 ml g-1) of a small 

freshwater crayfish (Pacifastacus leniusculus) (Kerley and Pritchard 1967), and therefore met conservative 

minimally-intrusive criteria. To obtain muscle tissue an entire leg (which regenerates) was taken immediately 

following haemolymph sampling and was stored in a 0.01M PBS (0.138M NaCl, 0.0027M KCl).  

Walking legs (which regenerate with subsequent moults) were taken from the crayfish to allow analysis of 

muscular tissue. The legs were taken immediately following haemolymph collection and were stored in a 

0.01M PBS (0.138M NaCl, 0.0027M KCl) before preparation. 

 

2.2 INTRUSIVENESS OF SAMPLE COLLECTION 

As the minimally-intrusive testing parameter was a key aspect of this thesis, survivorship tests were made 

prior to experimentation. Initially, C. quadricarinatus was subjected to temperatures nearing their thermal 

maxima for 7 days before the full suite of minimally-intrusive tests were made. Of the 9 individuals tested, all 

survived and appeared relatively unstressed after being re-introduced to the aquarium.  Throughout all testing 

of the crayfish in this thesis, all underwent observation post-sampling and appeared relatively unstressed. 

Sampled Euastacus from chapter 5 were also recaptured for observation and were apparently unharmed by the 

whole process that had occurred the previous season. 
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2.3 SAMPLE STORAGE 

After sampling was completed, the haemolymph-heparin samples were immediately placed on dry-ice (circa 

-80°C) to snap-freeze. The samples were kept on dry-ice until laboratory preparation, where they were 

exposed to a 3× thaw/freeze cycles (-80°C to 20°C) to liberate cell lysate. The resulting lysate was centrifuged 

at ~10,000 g for 10 minutes and the lysate supernatant was then stored at -80°C until use. The haemolymph-

formalin samples were maintained at ambient temperature in the field and stored at 4°C in the laboratory. 

Whole leg tissue was freeze-dried in a vacuum at -40°C (VirTis Benchtop K with a Javac LD-9 Vacuum) and 

was homogenised using a mortar and pestle chilled to -4°C for use in total lipid analysis. After lipid analysis, 

the homogenate was centrifuged with 600μl PBS for 12 minutes at 2,000 g. The resulting supernatant was 

centrifuged at 10,000 g for 15 minutes, supernatant again removed and then stored at -80°C until use. Muscle 

tissue supernatant was used for analysis of total protein and total lipid assessment. Additionally, excised 

hepatopancreas (from sacrificed animals in Chapter 3) were stored at -20°C before analysis. 

 

2.4 ASSAY QUANTIFICATION 

Physiological and biochemical indicators were measured using quantifiable changes in selected assays. The 

assays were selected as between them they demonstrate occurrence of both metabolic and oxidative stress; the 

complementary nature of which assists in validating temperature as the thermal stressor. Refinement and 

additions in the sub-suite of assays occurred throughout this thesis (i.e. between studies). The chapters that 

each assay was used are noted directly before introduction of the method themselves. 

It would be expected that graded physiological and biochemical responses would be in proportion to the 

severity and duration of a stress and would be mediated by an interaction between stress severity and 

organismal plasticity. Furthermore these responses could be of high- or low-cost to the organism and range 

from high-cost, damage-related products at one end of the spectrum to low-cost adaptive protective responses 

that facilitate acclimation. The potential organismal responses to a stressor are illustrated in Figure 3.  
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Figure 3: Conceptual pathway of potential organismal responses to a stressor.  

Bold line denotes response pathways of interest in this study; 1) Denotes no physiological/biochemical 
response; 2) Denotes a consequence of inadequate protective mechanisms (resulting in damage-related 
products); and 3) Denotes a protective response to a stressor. 

 

Total Protein (Haemolymph and Muscle) 

This analytical method was used in Chapters 3, 4 and 5. 

Total protein concentration in haemolymph and muscle tissue was assessed using the bicinchoninic acid 

(BCA) method, according to Smith et al. (1985) with bovine serum albumin as standard (measured at 490 nm) 

and a Bicinchoninic Acid Kit (Sigma-Aldrich, St. Louis, MO, USA) and uses a reduction of Cu1+ to Cu2+ in 

alkaline environments. 

To quantify total protein concentration, 25 μl of the sample was added to 200 μl of a 50:1 ratio of a 

bicinchoninic acid, sodium carbonate, sodium tartrate and sodium bicarbonate solution in 0.1 N NaOH and a 

solution of 4% copper (II) sulphate pentahydrate, respectively. The sample was then left to incubate for 3 

hours at 25°C, before the plate was read using a plate-reader (BioTek Millennium Science) at 490 nm. Total 

protein was calculated against a known standard of bovine serum albumin (BSA) and the dilution factor 

accounted for to give a total protein concentration at mg ml-1. 

Leg muscle tissue samples were analysed in the same manner as above; a 40-fold dilution of muscle tissue 

supernatant was used. 25 μl of supernatant was added to 200μl BCA working reagent in a 96-well microtitre 

plate. The plate was then incubated for 3 hours at 25°C and the plates were read at 490 nm. 
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Total Lipid (Muscle) 

This analytical method was used in Chapters 3, 4 and 5. 

For analysis of leg muscle tissue, a modification of the lipid extraction (Hara and Radin 1978) and 

esterification (Abdulkadir and Tsuchiya 2008) assay was used. Whole leg tissue was removed and freeze-

dried for 40 hours. The sample was then weighed, powdered with a mortar and pestle and was added to 400 μl 

of H20 and 1100 μl of Hexane. The sample was then shaken vigorously for 1 min to allow the extraction of 

fatty acids into the hexane before the samples were centrifuged (Scilogex D3024) for 3 min at 650 g. 

Following this, 800 μl of the hexane layer was then removed (without any water) and placed into a pre-

weighed, capped glass vial. The glass vial was then uncapped and placed under a N2 gas stream to lower the 

partial pressure of oxygen at the boundary layer and accelerate evaporation of the hexane. The remaining 

lipids (within the capped, glass vial) were then assessed gravimetrically (as weight of analyte in solvent) and a 

total percentage and mg g-1 of the original sample was then calculated using the total weight of the hexane-

derived fatty acids. 

 

Total Lipid (Hepatopancreas) 

This analytical method was used exclusively in Chapter 3. 

Hepatopancreas tissue was assessed using the same method for analysis of muscle. Initially, ~200-500 mg of 

hepatopancreas was dissected from each crayfish. The sample was then weighed and was added to 400 μl of 

H20 and 1100 μl of Hexane. The sample was then shaken vigorously for 1 min to allow the extraction of fatty 

acids into the hexane before the samples were centrifuged (Scilogex D3024) for 3 min at 650 g. Following 

this, 800 μl of the hexane layer was then removed (without any water) and placed into a pre-weighed, capped 

glass vial. The glass vial was then uncapped and placed under a N2 gas stream to lower the partial pressure of 

oxygen at the boundary layer and accelerate evaporation of the hexane. The remaining lipids (within the 

capped, glass vial) were then assessed gravimetrically and a total percentage and mg g-1 of the original sample 

was then calculated using the total weight of the hexane-derived fatty acids. 

 

Total Haemocyte Count (Haemolymph) 

This analytical method was used in Chapters 3, 4 and 5. 

Total haemocyte counts were assessed according to Wheeler (1963) using a Fuchs-Rosenthal grid on a 

Neubauer-improved haemocytometer. In preparation of haemocyte counts, a separate 0.1 ml sample was taken 

from the crayfish and fixed in 0.9 ml of 4% formalin solution. From this, a 100 µl aliquot was taken and 
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mixed with a 0.2% Trypan Blue solution (diluted from a 0.4% solution). A sample of the solution was then 

transferred to the haemocytometer and, using a 10× magnification (using an Olympus CX31 microscope), four 

sets of 16 square sections were counted (note: those cells that were on bordering lines were only counted if 

they rested on top or left lines, to minimise falsely inflated counts) and averaged. Dilution factor was then 

accounted for and a count of cells ×104 ml-1 was produced. The haemocyte procedure was then repeated to 

obtain a duplicate which was used in the calculation of total haemocytes. Haemocyte counts were further 

confirmed by re-performing the entire protocol, providing four sets of replicate counts for each crayfish 

haemolymph sample. 

 

Lipid Peroxidation (Haemolymph) 

This analytical method was used in Chapters 3, 4 and 5. 

Lipid peroxidation in haemolymph tissue was assessed according to Mihaljevic et al. (1996) using direct 

measurement of the reaction of hydroperoxides with ferrous ions (Fe2+) by indirect measurement of the 

resulting ferric ions (Fe3+) and thiocyanate (measured at 500 nm) (Figure 4) (Cayman Chemical, Ann Arbor, 

MI, USA). Lipid peroxidation was standardised against total haemolymph protein concentrations. 

 

Figure 4: Biochemistry of lipid hydroperoxide quantification using a redox reaction with ferrous ions 

 

Initially, chloroform and methanol were prepared by bubbling with N2 to remove O2. Afterwards, 200 µl of 

sample was added to 200 µl of methanol and added to 1 ml of chloroform and vortexed (to minimise 

interferences between ferrous and hydrogen peroxides within the sample). The remaining chloroform layer 

was then collected and 500 µl was added to 450 µl of a 2:1 chloroform-methanol mixture. This was then 

added to a 50 µl chromogen mixture (4.5 mM ferrous sulphate in 0.2 M HCL and 3% methanolic solution of 
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ammonium thiocyanate). The mixture was then left to incubate for five minutes at room temperature and 

absorbance measured at 500 nm. The absorbance of the samples was then assessed against standards and 

corrected for background absorbance. The amount of hydrogen peroxide in the original sample was then 

calculated to µM ml-1. 

 

Haemolymph Protein Carbonyl 

This analytical method was used in Chapters 3, 4 and 5. 

The protein carbonyl content was quantified using the method of Reznick and Packer (1994) with 

modification by Levine et al. (1994) which utilises the production of a Schiff base and a corresponding 

hydrazone (Figure 5). Initially, 200 µl of the sample was added to a control and sample tube. The control tube 

contained 800 µl of 2.5 M hydrochloric acid (HCl) while the sample tube contained 800 µl of 

2,4-dinitrophenylhydrazine (DNPH) in 2.5 M HCl. Both of the tubes were then incubated in darkness at room 

temperature for one hour. During this hour, the tubes were vortexed briefly every 15 minutes. After 

incubation, to minimise disparity in contact between sample and DNPH, 1 ml of 20% trichloroacetic acid 

(TCA) was added to each tube, vortexed and then incubated on ice for 5 minutes. The tubes were then 

centrifuged for 10 minutes at 10,000 g, supernatant was discarded and the pellet was resuspended in 1 ml of 

10% TCA. The tubes were centrifuged again for 10 minutes at 10,000 g, supernatant was discarded and the 

pellet was resuspended, and washed in 1 ml of 1:1 solution of ethanol and ethyl acetate.  

R

Protein*C=O + H2NNH

O2N

NO2

O2N

NO2 + H2OProtein*C=NNH

R

 
Figure 5: Biochemistry of protein carbonyl quantification by formation of hydrazone 
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The tubes were again centrifuged for 10 minutes at 10,000 g and the whole procedure of resuspending the 

pellet in the ethanol/ethyl acetate and centrifugation was repeated twice. After the last wash, the supernatant 

was discarded and the pellet was resuspended then vortexed in 500 µl of guanidine hydrochloride. The tubes 

were then centrifuged for 10 minutes at 10,000 g. Both the control and sample tube were then measured at 

405 nm and the amount of protein carbonyl content was calculated to nmol ml-1. For standardisation, protein 

carbonyl concentration was assessed against the protein concentration of the sample to ensure that falsely 

elevated values were not artefacts of elevated protein concentrations. 

 

Haemolymph Superoxide Dismutase 

This analytical method was used exclusively in Chapter 3. 

In order to assess the activity level of superoxide dismutase within each sample, the assay using a water-

soluble formazan dye as described by (Peskin and Winterbourn 2000). As this assay measures all forms of 

SOD (both cytosolic and mitochondrial), the sample was prepared by using the thaw/freeze cycle to liberate 

the SOD into solution. From the sample, 10 µl was then removed and added to 200 µl of tetrazolium salt 

solution (4-3-(4 iodophenyl)-2-(4-nitrophenyl)-2-5-tetrazolium-1, 3-benzene disulfonate), which in the 

presence of superoxides converts to a formazan dye.  Twenty microlitres of Xanthine Oxidase was then added, 

which itself facilitates the production of superoxides (Figure 6). The plate was then incubated on a shaker for 

20 minutes and the absorbency was measured using a plate reader at 450 nm. The amount of superoxides 

present in the sample was then calculated (U/ml) against a known linear rate of standard superoxide dismutase 

activity, where one unit of SOD (U) is defined as the amount of superoxide dismutase needed to dismutase 

50% of the superoxide formed from Xanthine Oxidase. 

 
Figure 6: Superoxide Dismutase Assay Pathway 
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Glutathione (Haemolymph) 

tGSH: Total Glutathione 

This analytical method was used in Chapters 3, 4 and 5. 

In order to assess the concentration of total glutathione (GSH), a modification of the GSH-recycling assay first 

developed by Baker et al. (1990) was used. Before the assay, the samples were de-proteinated with 1 M 

meta-phosphoric acid in order to prevent interference from sulfhydryl groups. Immediately before sampling, a 

1 M TEAM solution (triethanolamine and water) was added to the samples to further reduce interference. The 

samples were then ready for quantification of total GSH concentrations. In short, 50 µl of a reagent mixture 

containing GSH reductase, DTNB (5,5’-dithio-bis-2(nitrobenzoic acid)), and GSH enzyme co-factor were 

added to 150 µl of sample; initially converting oxidised GSH back to the reduced form for testing. The DTNB 

then reacts with the sulfhydryl group of the GSH, hence the need to deproteinate the sample before 

assessment. The resulting TNB (5-thio-2-nitrobenzoic acid) product is quantified at 405 nm as a proxy for 

total GSH, as the conversion of DTNB to TNB is driven by GSH concentration. The addition of GSH 

reductase also prevents the concurrent formation of the mixed disulfide GSTNB (Glutathione, 5-thio-2-

nitrobenzoic acid), reducing the measurement of GSTNB (Figure 7) and ensures the limiting factor in the 

assay is the original concentration of GSH. 

 
Figure 7: Pathway of GSH Assay recycling assay. 
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GSSG: Glutathione Disulfide 

This analytical method was used in Chapters 4 and 5. 

Oxidised glutathione (GSSG: glutathione disulfide) was measured using the same protocol as listed above for 

tGSH, however, 2-vinylpyridine was added to derivatise reduced GSH, making it chemically inert. The inert, 

reduced GSH fraction does not react with the DTNB, allowing the oxidised form of glutathione to be 

converted to the reduced fraction (by glutathione reductase) before reacting with DTNB to produce a 

quantifiable product, TNB. 

 

rGSH: Reduced Glutathione 

This analytical method was used in Chapters 4 and 5. 

The reduced form for glutathione was calculated by taking the quantified oxidised fraction of glutathione 

(GSSG) (as measured above) and subtracting it from the total glutathione concentrations (GSH). 

 

Glutathione Redox Ratio 

This analytical method was used in Chapters 4 and 5. 

The glutathione redox ratio was quantified by calculating the oxidised state of the sample through the division 

between oxidised (GSSG) and reduced glutathione (rGSH). As the ratio between GSSG and GSH climbs from 

‘0’ to ‘1’, the glutathione redox ratio becomes increasingly oxidised and as such can no longer detoxify ROS
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Chapter 3: STRESS RESPONSE IN CHERAX QUADRICARINATUS 

3.1 CHAPTER RATIONALE 
The following chapter demonstrates the biochemical response of the red-claw crayfish, Cherax 

quadricarinatus, to increasing thermal stress. The paper details the subset of biochemical assays selected for 

use in determining thermal stress and provides a basis for thermal stress quantification throughout this thesis, 

specifically those that were used to elucidate a biochemical and physiological response to stress in field-

acclimatised crayfish. 

This manuscript was prepared wholly by James Bone under the supervision of the co-authors as a chapter of a 

PhD thesis. The manuscript was accepted for publication in the Journal of Comparative Physiology B: 

Biochemistry and Molecular Biology on 10 December 2014 and was first published online on 21 December 

2014; DOI: 10.1007/s00360-014-0883-3. The publication can be viewed in Appendix I. 
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Abstract 

The effects of thermal stress can impact negatively on the abundance and distribution of temperature-sensitive 

species, particularly freshwater crustaceans. This study investigated the effects of thermal stress on 

physiological and biochemical parameters at five treatment temperatures resulting in minimal (25°C), 

moderate (27, 29°C) or severe (31, 33°C) thermal stress in the common tropical freshwater crayfish Cherax 

quadricarinatus. The aim was to develop a suite of stress-sensitive assays to use on threatened populations of 

freshwater crustaceans, particularly those restricted to cooler temperatures and only found in high altitude 

refugia. Significant increases in indicators of oxidative and metabolic stress were observed at 29°C and were 

elevated further at 33°C.  

After a 50-day acclimation to an imposed temperature stress, significant changes in the level of total 

glutathione, total lipids, muscular protein, total haemocyte count, lipid peroxidation and protein carbonyls 

were observed between treatments while superoxide dismutase activity and haemolymph protein 

concentrations did not change. The data provided proof of concept that measuring key biochemical responses 

to high temperature can provide a means of contrasting the level of thermal stress experienced between 

individuals of the same species adapted to different temperatures. The methods developed are expected to be 

of use in research on wild populations of other freshwater poikilothermic organisms, particularly those 

susceptible to increased environmental temperatures associated with climate change.  
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Introduction 

Climate change is expected to affect aquatic poikilothermic organisms, particularly cool-water organisms 

lacking the means for dispersal (Allan et al. 2005). As freshwater crayfish species in the genus Euastacus, 

may be restricted to a single isolated mountaintop “island” (Ponniah and Hughes 2004), thermal stress caused 

by increasing environmental temperature may have an effect on persistence of a species. Recent global 

assessments of drivers of declines in freshwater crayfish have identified increasing environmental temperature 

as a key threat to many species, in particular many cool adapted Australian species (Richman et al. 2014). 

Therefore, there is a need for research into the capacity (phenotypic plasticity) of these organisms to adapt to 

higher temperatures as a consequence of likely future environmental warming. As outlined in Leland and 

Furse (2012), symptomatic responses like lethality (Nakata et al. 2002) or loss of righting response (Bone et 

al. 2014b) can be used as a non-ambiguous test for gross physiological effects of thermal stress near lethal 

limits. However, sensitive assay methods need to be developed to assess responses to thermal stress at 

temperatures below near-lethal levels, which may be otherwise asymptomatic. Additionally, the righting 

response test is not ecologically viable for assessing stress in critically-endangered species, due to the need to 

collect and test large numbers of specimens from wild populations (Leland and Furse 2012, Bone et al. 

2014b). As such, there is a need for a field-based, minimally-intrusive test yet sensitive to be devised to 

measure changes in haemolymph and muscle tissue parameters in response to long-term thermal stress. 

In order to maintain a functioning physiology, changes may occur in order to adapt to short-term or long-term 

exposure to thermal stressors. Reversible, short-term challenges from acute changes in temperature may occur 

without major consequence for an organism (perhaps at only a metabolic cost) (Claussen 1980). However, 

long-term acclimatisation to a change in thermal regime may result either in successful adaptation or in 

maladaptation, where the change in physiological state for survival can result in reduced function, leading to 

an impact on longevity of the individual, population and potentially the species, in cases where adaptive 

capacity is exceeded (Allan et al. 2005). Therefore, the assessment of levels of thermal stress and the limits of 

adaptability to long-term change in temperature need to be quantified in order to extrapolate to the effects of 

future changes in environmental temperature, as may arise as a first-order effect of climate change. 

The aim was to quantify key biochemical and physiological indicators of temperature stress so that future 

testing of other species can use the indicators validated in this study. The aquatic poikilotherm Cherax 

quadricarinatus (von Martens) (Decapoda: Parastacidae) is an ideal test organism for use in developing a 

minimally-intrusive, field-based assessment of supra-optimal, non-lethal temperature stress which resulted in 

underlying damage to biochemical and physiological pathways. Cherax quadricarinatus was chosen based on 

its robustness (Jones et al. 1994, Cimino et al. 2002) and availability. Cherax quadricarinatus is listed as 

‘Least Concern’ (Austin et al. 2010) under IUCN criteria (IUCN 2011) and is endemic to Northern Australia 

and Southern New Guinea; however it has been widely translocated within Australia, to the Americas, 

Singapore, Africa and Europe (Lawrence and Jones 2002, Doupe et al. 2004, Ahyong and Yeo 2007, 
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Coughran and Leckie 2007b, Nakayama et al. 2010, Leland et al. 2012, Marufu et al. 2014). The species 

inhabits a range of seasonal and permanent freshwater systems in the tropics and sub-tropics (Wingfield 

2002). This species of freshwater crayfish is also tolerant of harsh environmental conditions (Leland et al. 

2012), however decreases in survival and growth rate have been reported from temperatures exceeding 32°C 

(Jones 1990, King 1994, Meade et al. 2002). Therefore, C. quadricarinatus appeared to grow optimally at 24-

28°C and prolonged exposure to temperatures above about 30°C had a negative impact on the crayfish. The 

crayfish was used to assess metabolic and oxidative indicators of an imposed thermal stress at supra-optimal 

temperatures to develop a minimally-intrusive set of tests that could be used in the assessment of other 

freshwater organisms, specifically vulnerable and/or endangered species where sacrificial testing of whole 

organisms is neither ethically nor ecologically viable (Leland and Furse, 2012). Essentially, as the trials might 

have involved appreciable mortality as the methods were developed; a more appropriate species was chosen. 

It would be unacceptable to use a wild species collected from its native range, removal of which may have 

biodiversity implications when a model such as C. quadricarinatus was available. 

 

Materials and Methods 

Experimental Design 

Fifty C. quadricarinatus were collected from natural water at 21.5°C from Lake Ainsworth, New South Wales 

(28°47’04.17”S, 153°35’35.28”E) on 22 April 2012. Gender and body size (measured as the occipital 

carapace length — OCL: Morgan 1997), were recorded at collection and again after sacrificing the animals for 

laboratory analysis. Smaller body sizes (< 30 mm OCL) were not used in this experiment due to the probable 

varied effect of thermal stress in different development classes: for example juvenile crayfish are known to be 

more susceptible to thermal stresses than healthy adults (King 1994). Equal numbers of male and female 

crayfish were collected; gender was determined by examination of external reproductive structures. 

Five test aquaria, each holding 40 litres, were used to each house 10 individual crayfish; this species is 

gregarious and can be maintained at high densities with limited mortality (Jones and Ruscoe 1996). The initial 

water temperature for all aquaria was set to 23°C and the crayfish were maintained for 1 week at this 

temperature before the water in each aquarium was raised by 1°C each consecutive day until the desired study 

temperature was reached initial exposure dates were staggered due to time differences in reaching the target 

exposure temperature, however this was offset at sample collection to maintain equal exposure time once the 

target temperature was reached. This rate of increase in temperature was chosen to avoid any acute thermal 

stress responses. Therefore, it simulated normal physiological and biochemical stress placed upon the 

organism in its experimental environment (Heise et al. 2006). The test temperature was maintained for a 

period of 50 days to allow acclimation. Each aquarium was kept at a specified temperature: 25°C, 27°C, 29°C, 

31°C or 33°C, providing a spectrum of thermal stress levels. These thermal regimens were a modification of 
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the model of thermal increase used by Chang et al. (1998) involving the use of 4 differing temperatures and 

one control temperature. 

‘Housing’ was provided in each aquarium by sections of 175 mm x 50 mm Ø PVC piping. Temperature was 

maintained with in-aquarium thermostatically controlled electrical heating, and fluctuated around the set 

temperature by no more than ±0.7°C (Digital Stem Thermometer QM7216).  

 The wild ecology and biology of this species is poorly understood, so the control temperature (25°C) was 

selected, on the basis of summer water temperatures in 1 ha outdoor research ponds within the species’ native 

range in tropical north Queensland (Jones 1990). This control temperature allowed the assessment of 

‘baseline’ levels of physiological indicators and for comparison with other temperatures. Considering the 

capacity of this species to live in and grow at relatively high temperatures, the 27°C treatment was expected to 

provide minimal thermal stress, below levels where definitive changes in physiological indicators would be 

present. The next temperature (29°C) was selected to induce a degree of an imposed thermal stress where a 

change in physiological indicators might well occur and could be quantified. The next temperature (31°C) 

exceeded the temperature where optimal growth was noted by Meade et al. (2002), so a high level of thermal 

stress should be evident and be reflected in the physiological indicators quantified. The maximum acclimation 

temperature (33°C) was 2°C below temperatures where King (1994) found growth was completely arrested in 

juvenile C. quadricarinatus, and so should elicit the highest degree of thermal stress on the crayfish. 

Photoperiod was maintained at a 12:12 light/dark cycle. Water changes were made every 4 days using 

municipal water; chloramines were removed using oil-free oxygen, bubbled through water, for a minimum of 

3 days before transfer to the aquaria. Daily observations of the crayfish were made to monitor the health of the 

crayfish and respond to any cannibalistic events. Each aquarium was vigorously aerated with oil-free 

compressed air to maintain high oxygen saturation in the water and to allow volatiles (specifically ammonia) 

to be removed from the system. Filtration of the aquarium water was achieved by a bio-filtration system 

(AquaClear 20) and this system was setup in advance of the introduction of the crayfish to enable the 

establishment of bio-films. Water quality, in terms of pH (FiveGo Mettler Toledo), nitrite and ammonia 

(Marine Enterprises International Pty. Ltd. Freshwater Analysis Centre calorimetric test kit) were assessed 

weekly, and all remained within optimal ranges (pH: 7.6 – 7.8; nitrite and ammonia: at minimum measurable 

levels). 

Crayfish were allowed to feed ad-libitum on field-collected leaf litter, and supplementary food (peas, carrot 

and dry wheat grain) was provided every day in order to reduce any variation in nutritional status between 

crayfish. In order to reduce the effect of clumped feeding and unequal partitioning of resources (Barki et al. 

1997), the food was spread throughout each aquarium. Excess food was monitored and removed when 

necessary, and during water changes.  
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 Sample Collection 

The collection of samples from these crayfish followed those described in Chapter 2. All samples were 

collected from inter-moult crayfish. 

 

Statistics 

Initially, predictor variables and assessment of raw response variables were tested for normality. After these 

were deemed satisfactory, significant difference in biochemical parameters among temperatures were assessed 

using a one-way analysis of variance (ANOVA) and where significance was found, a Dunnett’s test was made 

to assess each temperature against the control temperature (25°C). Statistical analysis were performed using 

Statistica Version 7.1 for Windows (StatSoft 2005), with the critical value being α = 0.05 throughout. 

 

Results 

Acclimation Period 

Throughout the acclimation phase of this experiment, a high degree of water quality was maintained (assisted 

by the frequent water changes and an effective bio-filter system). Ammonia and nitrite concentrations were 

maintained at <0.025 and <0.1 parts per million respectively, while pH was maintained between 7.6 and 8. 

Four instances of attacks occurred directly following moulting events and those crayfish that were injured or 

died due to these attacks were removed from the experiment; attacks occurred at different temperatures and 

could not be linked to increased temperature. No deaths occurred outside moult events. 

 

Metabolic Indicators of anabolism and catabolism 

There were no significant differences in haemolymph protein concentration between animals maintained at the 

control temperature and animals maintained at any increased temperature (p = 0.09) (Figure 8A). In contrast, 

overall muscular protein concentrations were significantly reduced at higher temperatures (27°C: p = 0.02, 

29°C: p <0.01, 31°C: p <0.01, 33°C p <0.01) compared to control (Figure 8B).  

Overall, the number of haemocytes changed significantly at higher temperatures (p <0.01) (Figure 8C). A 

significance increase from the control was evident in total haemocyte counts at 31°C. 
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Figure 8: Total protein levels in haemolymph (A), total protein levels in muscle (B) and total haemocyte count 
(THC) (C) from crayfish maintained at 25°C, 27°C, 29°C, 31°C and 33°C for 50 days.  

Results are expressed as mean ± S.E.M. (Standard Error of Mean) (n = 10). *Significantly different from the 
control (25°C), p<0.05. 

 

Muscle lipids were significantly reduced with an increase in temperature, with an exception of a non-

significant decrease at 29°C. Muscle lipids were significantly reduced from the control temperature of 25°C: 

at 27°C (p <0.01), 31°C (p <0.01) and 33°C (p <0.01) (Figure 9A). At 31°C and 33°C, a 50% reduction in 

lipid concentration was measured compared to the lipid content at the control temperature (p <0.01). 

Hepatopancreas lipids were also reduced significantly at 33°C from the control temperature (p <0.01) (Figure 

9B), mirroring the change in muscle lipids observed at higher temperatures.  
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Figure 9: Total lipids in muscle (A) and the hepatopancreas (B) tissue from crayfish maintained at 25°C, 
27°C, 29°C, 31°C and 33°C for 50 days.  

Results are expressed as mean ± S.E.M. (n = 10).*Significantly different from the control (25°C), p<0.05. 

 
 
Oxidative stress indicators 

Carbonyls, indicative of protein oxidation, changed significantly with exposure to temperatures above the 

control temperature (p <0.01) with increases in protein carbonyl concentrations evident between the control 

and 29°C (p = 0.03), and 31°C (p <0.01) (Figure 10A). 

There was significant difference in lipid peroxides, as measured by hydroperoxides, between the control 

temperature and animals maintained at higher temperature with elevated lipid peroxidation levels observed at 

27°C (p = 0.01) and 33°C (p <0.01) (Figure 10B). 
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Figure 10: Pro-oxidant indicators of protein carbonyls (A) and lipid peroxidation (LPO) (B) in haemolymph 
tissue from crayfish maintained at 25°C, 27°C, 29°C, 31°C and 33°C for 50 days.  

Results are expressed as mean ± S.E.M. (n = 4-6).*Significantly different from the control (25°C), p<0.05.  

 

Increased antioxidant defence, indicated by elevations in tGSH, paralleled oxidative stress levels indicated by 

the significant elevation of protein carbonyls (in Figure 11A). The levels of tGSH significantly changed with 

an increase in temperature (p <0.01), and, in comparison to the control temperature, were significantly 

elevated at 29°C (p <0.01), 31°C (p <0.01) and 33°C (p = 0.01) (Figure 11A). Based on measurements of 

superoxide dismutase activity made at 20°C, there was no significant difference between the control 

temperature and animals maintained at any increased temperature (p = 0.47) (Figure 11B). 
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Figure 11: Levels of total glutathione (tGSH) (A) and total superoxide dismutase (SOD) activity (B) in 
haemolymph tissue from crayfish maintained at 25°C, 27°C, 29°C, 31°C and 33°C for 50 days.  

Note: SOD activity was measured at 20°C. Results are expressed as mean ± S.E.M. (n = 5-8).*Significantly 
different from the control (25°C), p<0.05. 
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Discussion 

The present study investigated the physiological and biochemical responses of C. quadricarinatus to long-

term exposure to temperatures above what is thought to be their optimal thermal niche, including temperatures 

which are usually associated with decreased survival and growth rates. Aquatic poikilothermic organisms 

already restricted to cooler altitudinal refugia will suffer increasing periods of thermal stress as a result of 

predicted rising environmental temperatures (Williams et al. 2003, Parmesan 2006). 

In contrast to other studies (e.g. Rady 1993, Sánchez et al. 2001, Matozzo et al. 2011) the data did not indicate 

a significant decrease in haemolymph protein concentration with increased temperature. However, a 

coincident and significant decrease in muscle protein concentration may have provided circulating 

haemolymph with additional protein and supported the upward trend and significant elevation of haemocytes 

at high temperatures. This would not have been apparent in previous studies, which focused on short-term 

acclimation to elevated temperature (Rady 1996 – 3 days, Sanchez et al. 2001 – 7 days, Matozzo et al. 2011 – 

7 days). The hypothesis that muscle catabolism releases protein retained by circulating haemolymph is 

consistent with a study of male Litopenaeus setiferus (Linnaeus) (Penaeidae) by Pascual et al. (2003); where 

initial haemolymph protein concentrations dropped significantly between 5 – 8 days of constant exposure to a 

thermal stress of 33°C. With continued exposure to 33°C (8 – 10 days), haemolymph protein concentrations 

increased back to those consistent with baseline readings prior to thermal stress, coinciding with significant 

decreases in muscle protein levels (Pascual et al. 2003). 

Total hepatopancreas lipids decreased at 33°C with a significant, 50% decrease compared to the control. Since 

lipids can be used for glycogen resynthesis (O'Connor and Gilbert 1969, Sánchez-Paz et al. 2006), it is 

reasonable to suggest that the decrease in lipids in this study could be considered to be an indication of heavy 

use of resources throughout the organism. The large reduction in tissue lipid levels at higher temperatures 

most likely demonstrates that lipid use was a critical component in maintaining an optimal physiological state 

as part of the stress response to elevated temperatures. Since crayfish were fed ad-libitum, lipidolysis revealed 

in this study may be considered as evidence of metabolic strain arising from exposure to elevated 

temperatures.  

While the lipid content of muscle is lower than that of the hepatopancreas, the total muscle lipids decreased 

significantly at higher temperature, but appeared to plateau from 31°C-33°C; indicating that a critical lower 

threshold of lipid concentrations in muscle tissue was reached when approximately 20% of the initial muscle 

lipid store remained. While muscle is not a major site of lipid storage in crustaceans, relative to 

hepatopancreatic storage (Vogt et al. 1985, Buckup et al. 2008), the liberation of muscle-bound lipids in 

response to heat-stress provides a useful indicator of temperature-induced metabolic stress. Furthermore the 

data revealed that hepatopancreas lipids were preserved at all, except the highest temperature examined 

(33°C). While muscle-bound lipids were released at low levels of thermal stress, they did not decrease 
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between 31°C and 33°C instead; there was larger decrease in hepatopancreas-bound lipids at these 

temperatures (31°C – 33°C) which appeared to occur once muscle-bound lipids reached critically low levels. 

While an isolated measure of either hepatopancreatic or muscular lipid concentrations is not sufficient for an 

accurate and minimally-intrusive assessment of lipids on their own, the combined analysis provides a profile 

of the relationship between temperature and lipid demand, as both hepatopancreas and muscle-bound lipid 

followed the same negative trend. Taken together these data indicate that increased metabolic stress resulting 

from elevated temperature is likely to lead to significantly reduced lipid concentrations, in order to meet 

metabolic demand. Since both muscle and hepatopancreas lipids decreased at the highest temperatures tested, 

future assessment of thermal stress at high temperatures could focus on utilising leg muscle tissue as a 

complementary indicator of metabolic demand (in conjunction with other metabolic indicators) instead of 

sacrificing a test animal to measure lipid levels in the hepatopancreas. 

The data revealed an increase in haemocytes at supra-optimal temperatures which is consistent with other 

studies of decapods, such as freshwater crayfish (Astacus leptodactylus Eschscholtz; Malev et al. 2010), a 

marine crab (Carcinus aestuarii Nardo; Matozzo et al. 2011) and a marine shrimp (L. setiferus Sanchez et al. 

2001) and is indicative of a stress response. However the decrease in haemocytes found here at the highest 

temperature (between 31°C and 33°C), back to levels consistent with the control, was seen only by Matozzo et 

al. (2011), who observed a decrease at supra-optimal temperatures in C. aestuarii. A decrease in haemocytes 

measured at temperatures between 31°C and 33°C would be expected  have with severe consequences for the 

immunological status of the organism (Le Moullac and Haffner 2000). 

The levels of total GSH rose initially in response to thermal stress up to 31°C, then decreased at 33°C (with 

respect to 29°C and 31°C), however remained significantly increased from the control. The temperature-

induced total GSH increase indicates an increase in antioxidant defence which usually occurs in response to 

increased ROS production. Two measures support this interpretation of the data: (i) the increased level of lipid 

peroxidation and (ii) the increased in protein carbonyl levels. The increased lipid peroxidation rate seen in 

C. quadricarinatus follows those reported in other studies; where lipid peroxidation increased with an increase 

in temperature (Parihar et al. 1996, Heise et al. 2006). As initiation of lipid peroxidation starts a chain-

reaction which does not self-terminate (Gutteridge 1995), lipid peroxidation rates change in accordance with 

antioxidant defences and age of the organism (Sestini et al. 1991). An increase in ROS production, as 

evidenced by increased lipid peroxidation between 25°C and 27°C, may have provided the ROS signalling 

necessary to initiate the up-regulation of antioxidant defence.  The level of lipid peroxidation reached the 

highest level at 33°C, potentially indicating a breakdown in the balance of pro- and anti-oxidants, 

corresponded to the significant decrease in total GSH at 33°C. It is likely that GSH levels fell because it was 

being oxidised by ROS in greater quantities at 33°C. While lipid peroxidation is a constitutive part of 

physiological activity (Niki 2009) the effect of increased lipid peroxidation (due to shift towards oxidative 
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products) could be expected to have a detrimental effect on crayfish exposed to 33°C, as demonstrated by 

inhibition of growth and thermal-related death in other studies (Jones 1990, King 1994, Meade et al. 2002). 

Protein carbonyl levels were significantly elevated from the control in all higher temperatures, but at 33°C 

dropped back to levels consistent with the values at 27°C. The increased protein carbonyl concentrations from 

29°C to 31°C did not coincide with any significant increase in lipid peroxidation levels at the same 

temperatures, potentially due to a particular species of free radical preferentially oxidising protein rather than 

lipid (Dalle-Donne et al. 2003). As protein carbonyl formation is a general indicator of oxidative stress on 

proteins (Berlett and Stadtman 1997), any increase in the concentration of carbonyls suggests the ratio of pro-

oxidant/antioxidant processes has shifted to the former (favouring oxidation), resulting in severe deleterious 

effects on the organism (Winston and Di Giulio 1991, Stadtman 1992, Dalle-Donne et al. 2003). Since the 

catalysts for cellular reactions are comprised of proteins, (Wills 1965, Dalle-Donne et al. 2003), the 

detrimental follow-on effects on the organism may increase in magnitude.  

An increase in total SOD activity can be attributed to increased oxidative stress (Ozturk and Gumuslu 2004, 

Heise et al. 2006, Lushchak and Bagnyukova 2006b, Matozzo et al. 2011). Since there were no significant 

differences in SOD between treatments in this study may indicate that mechanisms controlling an increase in 

SOD were not activated this may indicate a primary reliance on increased tGSH to adequately detoxify ROS. 

Key indicators of thermal stress examined in this study varied between temperatures with regard to the 

magnitude of change; however, the general pattern at the highest temperatures examined (from 31°C to 33°C), 

was that of significant increases in oxidative and metabolic stress. Baseline measures at 25°C were taken to 

represent the normal physiological and biochemical parameters. In the process of any organism’s 

physiological and biochemical adaption to temperature change, there is a temperature below which the 

metabolic cost of adaptation, while exhausting the organism, correspondingly provides increased levels of 

protective mechanisms. Above this temperature, the cost of adaptation to the stressor may exceed the benefit 

of adaptation. Biochemical and physiological responses to elevated temperatures in C. quadricarinatus 

appeared to cross this limit as temperatures reached between 32-35°C, where other researchers have reported a 

loss of a functioning physiological state in this species (Jones 1990, King 1994, Meade et al. 2002). 

Of the biochemical and physiological indicators used in this study, most were observed to produce sensitive, 

reproducible and discernible evidence of thermal stress to the organism. The indicators that demonstrate utility 

in future research include: total muscle protein, total haemocyte count, muscle lipid, protein carbonyl 

concentrations, total glutathione concentrations and lipid peroxidation. In order to apply this research to a 

minimally-intrusive, field-based assessment of thermal stress, hepatopancreas lipids were not considered to be 

suitable. However they were useful here, in this study, for the initial validation of the other assays used to 

detect thermal stress responses. 
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The data provide validation that the set of minimally-intrusive assays designed to assess physiological and 

biochemical responses to imposed gradients of thermal stress can be used on freshwater crayfish to determine 

successful adaptive potential as well as potential maladaptation to stressors expected to result in metabolic and 

oxidative stress. The study of populations of the same species under different environmental conditions will 

allow for quantifiable biochemical and physiological assessment of non-symptomatic responses to ambient 

stress, that may impair survival. The assessments used in this study will not only be useful in determining 

thermal limits on distribution of aquatic poikilothermic species, but and  can also be used to inform 

management of land-use to provide adequate refugia particularly for thermally sensitive species restricted to 

high-altitudes and at considerable extinction risk due to predicted future increases to environmental 

temperatures. 
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Chapter 4: STRESS RESPONSE IN EUASTACUS SULCATUS  

4.1 CHAPTER RATIONALE 
This chapter builds on the results described above on biochemical and physiological response to thermal stress 

in Cherax quadricarinatus (Chapter 3). This chapter demonstrates similar physiological effects of increased 

thermal stress using a refined set of the indicators used previously, in both lab-acclimated and field-

acclimatised Euastacus sulcatus. 

From the results obtained from experimentation on C. quadricarinatus, the biochemical and physiological 

assays acting as indicators of thermal stress were modified slightly. In order to achieve a minimally-intrusive 

test, the assessment of lipid content in hepatopancreas tissue was removed.  Additionally, the assessment of 

superoxide dismutase activity was not used, as results from C. quadricarinatus suggested that there was little 

variation in activity with increased temperature in freshwater crayfish. Similar results have been published for 

other crustaceans (Cheng et al. 2005, Matozzo et al. 2011).  In order to refine assessment of anti-oxidant 

processes, assessment of oxidised glutathione was added to the complement of assays, allowing the 

components of total glutathione to be assessed, as well as the redox state of the cells and glutathione. 

The results derived from this chapter build on previous knowledge on the thermal biology of E. sulcatus. The 

thermal maximum of E. sulcatus has been identified as ~27°C (Bone et al. 2014b), with only limited plasticity 

between altitudinal populations. The laboratory assessment of thermotolerance was done in order to estimate 

at what temperature thermal stress was present and to guide the search for indications of stress in field- 

acclimatised E. sulcatus, using the same physiological and biochemical indicators.  
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Abstract 

Future environmental temperature changes are expected to have a detrimental effect on organisms that are 

restricted to high-altitude refugia, especially where dispersion is compromised due to population isolation by 

an unsuitable intervening habitat. Assays that were designed and previously validated to quantify the level of 

biochemical and physiological stress, resulting from exposure to elevated temperatures, were used to forecast 

the impact of global warming on the survival of a species of fresh water crayfish listed as Vulnerable under 

IUCN criteria. The genus Euastacus in Queensland, Australia, is typically restricted to cool high altitude 

locations, and their survival in these refugia could be compromised as global temperatures increase. This 

study was carried out on Euastacus sulcatus, to determine (i) the temperature at which thermal stress occurred 

(under laboratory conditions); and (ii) whether thermal stress is occurring naturally in contemporary field- 

acclimatised individuals. 

Measurement of haemolymph protein, leg muscle total protein, total haemocyte count, total leg muscle lipids, 

lipid peroxidation, protein carbonyl concentrations and the oxidation state of glutathione were examined to 

quantify biochemical and physiological stress in E. sulcatus acclimated in the laboratory to 20°C, 22.5°C or 

25°C. The laboratory data provided evidence that biochemical and physiological stress occurred in E. sulcatus 

at 22.5°C or higher. Additionally, E. sulcatus was sampled from six field localities, sampling occurred at 

lower temperatures than those of the laboratory trials. Increased oxidative stress was observed in the 

laboratory in these animals at 22.5°C and 25°C revealing diminished antioxidant defence. In the field this was 

characterised by an increase in the oxidised redox state of glutathione within a low-altitude population while 

significantly elevated oxidative stress was apparent with an increase in mean protein carbonyls and lipid 

peroxidation.  

Since the water temperature inhabited by this species in the field can reach levels associated with organismal 

damage, measured in the laboratory, it is likely that during some seasons this species experiences considerable 

oxidative stress in the field. Furthermore, thermally-induced oxidative stress was also present in E. sulcatus 

residing at the lower end of its altitudinal distribution, suggesting that thermal stress already occurs within this 

localised population in its natural environment. Taken together, these results reveal that future increases in 

environmental temperature are not only likely to result in increased baseline levels of oxidative stress in 

E. sulcatus but also forecast further restriction in the altitudinal distribution of the species in a warming 

climate.  
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Introduction 

The Australian freshwater crayfish genus Euastacus (Decapoda: Parastacidae) comprises 52 species (Furse et 

al. 2013) and while some occur in low lying areas near to sea level, others are restricted to high-altitude 

refugia (Ponniah and Hughes 2004), implying that the anticipated increase in environmental temperature 

would be a threat at both a population and species level (Williams et al. 2003). As such, a non-invasive 

assessment is needed to establish whether increased temperatures, to levels above commonly-occurring 

environmental maxima, induce physiological and biochemical stress and if current ‘normal’ temperatures (i.e. 

typical water temperatures) are already inducing such stress. Euastacus sulcatus, although listed as Vulnerable 

under IUCN criteria (IUCN 2011) is an appropriate test organism for assessing physiological response to 

increased thermal stress as it is a relatively abundant species, but generally restricted to higher elevations and 

requires cool-water habitat for survival (e.g. Horwitz 1995). 

Previous studies have noted the limited plasticity for thermal acclimation of E. sulcatus; both in terms of the 

capacity for physiological adaptation of muscle tissue to higher temperatures (Lowe et al. 2010) and restricted 

thermal maximum (Bone et al. 2014b). As such, thermal stress may already exist in this organism at current 

environmental temperatures. The aim of this study was to examine the physiological effect of exposure to 

increased temperature in laboratory E. sulcatus with the goal of demonstrating levels of stress occurring 

naturally in field- acclimatised E. sulcatus (cumulative chronic exposure). 

Future increases in environmental temperature are anticipated to have the greatest impact on organisms 

restricted to high-altitude refugia (Williams et al. 2003, Parmesan 2006). While animals with other 

environmentally-restricted distributions may be capable of thermally-driven dispersion, this is unlikely to 

occur in populations or species that are already restricted to cooler high-altitude ‘islands’ (Ponniah and 

Hughes 2004) that do not have the capacity for jump dispersion and must have enough phenotypic plasticity to 

adapt physiologically. While adaptation amongst poikilothermic organisms is well documented (for review 

see Angilletta et al. 2002), those species existing near or at their thermal maxima are likely to possess limited 

capacity for further physiological adaptation. 

Thermal stress at the molecular level leads to increased oxidative stress through an increase information of 

reactive oxygen species (ROS) that may exceed an organism’s ROS scavenging capacity (Gutteridge and 

Halliwell 1990, Verlecar et al. 2007). This cumulatively leads to cellular dysfunction, irreversible damage and 

finally organismal death (Renshaw et al. 2012). Ectothermic organisms typically have tolerances 

corresponding to the natural milieu of temperatures (Pörtner 2002) and must undergo some form of 

biochemical adaptation or restructuring in response to exposure to unusual thermal regimes (Somero and 

Hochachka 1971).While stress may not impede survival, other characteristics may be altered, including 

immune functions (Le Moullac and Haffner 2000, Turrens 2003), and growth rates (Jones 1990, King 1994, 

Renshaw et al. 2012). General markers of thermally-induced oxidative stress revolve around changes to the 

cellular redox state, oxidation-induced protein carbonyl and lipid peroxide concentrations, and anti-oxidant 
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activity; which may  indicate that oxidant production exceeds scavenging capacity (for review see Hayes and 

McLellan 1999).These markers will be used as part of a suite of measures used to assess physiological 

response to thermal stress in the freshwater crayfish E. sulcatus. 

To elucidate the effect of temperature as a stressor, this study used two forms of exposure. In order to 

demonstrate thermal effects on biochemical and metabolic parameters, crayfish were exposed to an increased 

level of temperature exposure in the laboratory. These results were then assessed against field- acclimatised 

crayfish from differing altitudes to demonstrate if temperature was a stressing agent. 

While no single physiological or biochemical variable is expected to unambiguously indicate the presence of 

thermal stress, the use of a suite of validated, complementary assays (Bone et al. 2014a) in this study is 

expected to identify the temperatures at which detrimental effects occur. A hierarchical suite of assays was 

devised which examined first order effects of thermal stress: (i) evidence of metabolic stress marked by 

altered protein concentrations and decreased lipid distribution; (ii) evidence of compromised immune function 

marked by a decrease in total haemocytes; and (iii) evidence of oxidative stress marked by increased protein 

carbonyls and lipid peroxidation; and (iv) deleterious changes to glutathione-based antioxidant defence 
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Materials and Methods 

Experimental Design 

Experiment 1: Laboratory-conditioned E. sulcatus 

Euastacus sulcatus were collected by hand in equal numbers from Ee-Jung Creek (28°13'33"S 153°16'53"E) 

and Mundora Creek (28°13'43"S 153°17'08"E) between approximately 800 m and  900 m above sea level 

(hence forth referred to as [m]) in South-East Queensland, Australia in January 2013 (Summer) where the 

water temperature is, at that time of the year, typically 16 to 17°C. The crayfish were transported to the 

laboratory in insulated containers at approximately 15 to 18°C then housed in numbers of 9 to 10 in each of 4 

glass aquaria which were vigorously aerated with oil-free compressed air to maintain a high oxygen saturation 

in the water (to avoid the confounding effects of hypoxic stress). In-tank ‘housing’ devices were used to 

prevent aggressive interactions between individuals (Furse and Wild 2004, Bone et al. 2014b) This 

compromised sections of 175 mm × 50 mm Ø uPVC piping closed at both ends with 70% shade cloth with a 2 

mm mesh spacing to allow ready flow of water but to prevent escape. Previous experimentation on E. sulcatus 

using the same housing did not show any evident stress to test organisms (Bone et al. 2014b). The crayfish 

tanks were all initially maintained in a cool-room set at 14.5°C. Filtration of the aquarium water was achieved 

by an Aqua Clear 20 (Rolf C. Hagen (USA) Corp, Mansfield, MA, USA) bio-filtration system. Photoperiod 

was maintained at a 12:12 light/dark cycle. The crayfish were fed ad-libitum on field-collected leaf litter while 

supplementary food (peas and carrot) was provided via removal and replacement of the mesh ends. Visual 

assessments were made every second day. Excess food was removed and leaf-litter was also changed at this 

time. By this careful hygiene, high water quality was maintained throughout the experiment.  

Before testing commenced, the crayfish were allowed to rest at 14.5°C for 7 days to minimise any 

physiological response from handling stress at capture. The test temperature was then raised by 1°C; using 

thermostatically-controlled electrical heater, each consecutive day, until the desired study temperature was 

reached and was maintained for a 41-day period to allow acclimation. This exposure time was deemed 

satisfactory to instigate seasonal adaptation to a variable change, one noted to be a key environmental 

response in E. sulcatus which experiences minimal-diurnal and high-seasonal temperature changes (Lowe et 

al. 2010). 

Temperatures fluctuated around the set level by no more than ±1°C. Each aquarium was kept at a different 

temperature; 14.5°C, 20°C, 22.5°C and 25°C. These temperatures were selected from previous 

experimentation that demonstrated behavioural stress in E. sulcatus at temperatures above ~22°C with an 

upper thermal limit of ~27°C (Bone et al. 2014b). 
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Each experimental group consisted of 9 to 10 individuals of similar length. Average crayfish occipital 

carapace length (OCL) for each group varied between 23 and 26 mm (overall average OCL 24.0 ± 6.33 mm; 

mean ± s.d.) and body size did not differ significantly between each treatment group (p = 0.62 using ANOVA). 

 

Experiment 2:  Field-acclimatised E. sulcatus 

Field-acclimatised E. sulcatus were hand-collected from 6 various sampling sites: Natural Bridge Creek (NB); 

Camp Creek (CaC); Upper Purling Brook (UP); Field Control Blackfellows Creek (BFCON); Blackfellows 

Creek (BFC) and Mundora Creek (MC),  between approximately 300 m and 830 m at Springbrook, 

Queensland (28°12’S,153°16’E) (Figure 12). The field locality, BFCON, was selected as the control locality 

due to a high habitat quality. Sampling took place between two seasons to ensure adequate difference in field 

temperatures. Sample extractions of tissues and haemolymph took place in the field and were placed on dry 

ice before being transported back to the laboratory. Water temperatures did not vary substantially between 

altitudes (i.e. 16-16.6oC; between the higher and lower localities), with the obvious exceptions of the two 

localities sampled at different times. Due to probably short-term differences in temperatures at the point of 

sample collection, localities were chosen to represent populations with exposure to different natural thermal 

regimes. Typical change in temperature with altitude (atmospheric lapse rate) in the region is approximately 

0.7°C per 100 m, although running water temperature might show a different, lower lapse rate. Localities were 

selected to investigate the net effect of cumulative evolutionary adaptation in contrast to the level of inherent 

phenotypic plasticity elicited in response to acute laboratory-based exposure. Each sample from each location 

consisted of 9 to 10 individuals and OCL averages were over a broader range than used in the laboratory study 

and varied individually between 19 and 37 mm (overall average OCL 28.1 ± 12.1 mm; mean ± s.d.). Body 

size did not differ significantly between each treatment group (p = 0.58 using ANOVA). 
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Figure 12: Altitude and water temperature at time of sample collection from each locality. 

Note: Natural Bridge Creek (NB); Camp Creek (CaC); Upper Purling Brook (UP); Field Control Blackfellows 
Creek (BFCON); Blackfellows Creek (BFC) and Mundora Creek (MC). 

 

Sample Collection 

The collection of samples from these crayfish followed those described in Chapter 2. All samples were 

collected from inter-moult crayfish. 

 

Statistics 

The same protocol for data analysis was used throughout this study: a one-way analysis of variance (ANOVA) 

to establish a significant difference between the baseline control and treatments or localities. If significance 

was established, a two-sided Dunnett’s test was used to assess differences for all treatments/localities. 

Initially, predictor variables and assessment of raw response variables were tested for normality. Analysis 

initially focused on differences between the laboratory-conditioned treatments and also between different 

localities for the field- acclimatised crayfish. Afterwards, field- acclimatised crayfish were assessed against 

the least-stressed treatment from the laboratory-conditioned treatments (defined as laboratory control group). 

Statistical analyses were performed using Statistica Version 7.1 for Windows (StatSoft 2005), with a critical 

value of α = 0.05 throughout.  
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Results 

Indicators of metabolic stress 

In the laboratory, there was no significant difference in haemolymph protein concentration between the 

control temperature (14.5°C) and any of the higher temperature treatments (p = 0.70) (Figure 8A). Similarly, 

muscle protein concentrations did not show any significant difference between the control and 20, 22.5 and 

25°C (p = 0.91) (Figure 13B). There were no significant differences in haemolymph protein concentration 

between field localities (p = 0.067) (Figure 14A), however when compared with the laboratory control group, 

the crayfish sampled at CaC (500m) had a significantly elevated haemolymph protein concentration 

(p = 0.046), representing the highest protein concentration observed in this study. In contrast, muscle leg 

protein from laboratory based thermally-stressed E. sulcatus did not respond to temperature stress when 

compared to the laboratory control group (Figure 13B). Similarly, no significant difference in muscle protein 

concentrations was found between field localities (p = 0.41) (Figure 14B), but when compared with the 

laboratory-based controls held at 14.5°C, there was significantly elevated mean muscle protein in crayfish 

sampled at MC, which was 830m. (p = 0.042), but not for any other field localities.  

In laboratory-based thermally stressed crayfish, muscle lipid concentrations were significantly lower at higher 

temperature (p <0.01) compared to the laboratory control group held at 14.5°C (Figure 13D). In addition, leg 

muscle lipid concentrations were significantly lower at high temperatures (suggesting a high degree of 

lipolysis) compared to the laboratory control group or at 20°C, lipid concentrations were lower at 22.5°C and 

lowest at 25°C (p <0.01). Muscle lipid concentrations varied significantly between field localities (p <0.01) 

(Figure 14D) and were all significantly lower than the laboratory-control group (p <0.01), with the exception 

of crayfish sampled at UP which was 650 m. (p = 0.24). While lipid levels were significantly lower than those 

measured in laboratory-control group, they were greater than the lowest total lipid value observed in 

laboratory- based thermally stressed crayfish. These results indicate a difference between inherent plasticity 

elicited by laboratory-based thermal stress (an acute response) compared to the cumulative evolutionary 

pressure (a chronic response). 
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Indicator of immune stress 

In the laboratory-based thermal stress study: total haemocyte counts were significantly lower at 25°C 

compared to the laboratory control group held at 14.5°C (p = <0.01) (Figure 13C). Haemocyte numbers were 

significantly higher at 20°C than the control group (p = 0.01). At 22.5°C haemocyte numbers were consistent 

with the laboratory control group but haemocyte counts were significantly lower than haemocyte counts at 

20°C (p <0.01). In the natural environment: total haemocyte counts did not differ significantly between field 

localities (p = 0.35) (Figure 14C), nor was there any difference between any field localities and the laboratory 

control group (p = 0.19). The data indicates total haemocyte counts were lowest with the highest degree of 

thermal stress while in the field, total haemocyte counts did not demonstrate any evidence of physiological 

strain.  

 

Figure 13: (A) Total protein levels  in haemolymph, (B) total protein levels in muscle, (C) total haemocyte 
count and (D) total lipid levels in muscle from crayfish maintained at 14.5°C, 20°C, 22.5°C, and 25°C for 41 
days.  

Results are expressed as mean ± S.E.M. (standard error of mean)(n = 10). *Significantly different from the 
control (14.5 °C), p<0.05. 
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Figure 14: (A) Total protein levels in haemolymph, (B) total protein levels in muscle, (C) total haemocyte 
count and (D) total lipid levels in muscle from field-acclimatised crayfish assessed against a control field 
locality and the laboratory-conditioned control group maintained for 41 days at 14.5°C.  

Results are expressed as mean ± S.E.M. (n = 8-9). Note: †Significantly different from the control locality 
(BFCON), *significantly different from the laboratory control group; dotted line demonstrates most stressed 
variable levels in laboratory study organisms seen in the laboratory study, p<0.05. Higher levels indicate 
stress in (A), higher and lower levels indicate stress in (C), while lower levels indicate stress in (B) and (D). 

 

Indicators of oxidative stress 

Mean protein carbonyl concentrations changed significantly with higher temperature (p <0.01) (Figure 15A). 

There was a significant increase in protein carbonyls from the laboratory-based control group (14.5°C) to 

20°C (p <0.01), however at 22.5°C and 25°C, mean protein carbonyls concentrations were consistent with the 

laboratory control group. Conversely, mean protein carbonyl concentrations varied significantly between 

crayfish from different field localities (p = 0.028) (Figure 16A). Significantly higher levels of protein 

carbonyls in comparison to the field control locality (BFCON) were found from the low altitude location, 

sampled at NB which was 300m (p = 0.046). There was no significant difference in mean protein carbonyl 

levels between the crayfish sampled from the laboratory control group held at 14.5oC and crayfish sampled at 

any field locality. Furthermore, protein carbonyl concentrations in wild crayfish were well below the levels 

observed in thermally-stressed crayfish in the laboratory study. 

At 20°C, mean lipid peroxide levels were not significantly different to the laboratory-based control group held 

at 14.5°C. Mean lipid peroxide levels increased significantly at both 22.5°C and 25°C (p <0.01 and p = 0.03, 

respectively) to levels twice as high as the non thermally-stressed crayfish (Figure 15B). There was a 
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significant difference in lipid peroxides between field localities (p <0.01) (Figure 16B). Levels were very low 

in crayfish sampled from the control field locality (BFCON) and high in crayfish sampled from BFC at 800m or 

sampled from NB at 300m (both p = <0.01). Levels at these two localities were similar to the maximum lipid 

peroxidation concentrations observed in the laboratory, under high thermal-stress conditions at 22.5°C and 

25°C. 

These oxidant results indicate an increase in lipid peroxidation at higher temperature but only an increase in 

protein carbonyls at the minimally-stressful high temperatures, whereas both instances of increased oxidant 

products were evident in the field locality, NB.  

 

Figure 15: (A) Levels of protein carbonyl content and (B) lipid peroxidation from crayfish maintained at 
14.5°C, 20°C, 22.5°C, and 25°C for 41 days.  

Results are expressed as mean ± S.E.M. (n = 4-8). *Significantly different from the control (14.5 °C), p<0.05. 

 

 

Figure 16: (A) Levels of protein carbonyl content and (B) lipid peroxidation from field-acclimatised crayfish 
assessed against a control field locality and the laboratory-conditioned control group maintained for 41 days at 
14.5°C.  

Results are expressed as mean ± S.E.M. (n = 5-8). Note: Higher levels indicate stress in (A) and (B). 
†Significantly different from the control locality (BFCON), *significantly different from the laboratory 
control group; dotted line demonstrates most stressed variable levels in laboratory study organisms seen in the 
laboratory study, p<0.05. 
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Mean total glutathione levels increased significantly from the laboratory control group with increased 

temperature (p <0.01) (Figure 17A). Total glutathione levels were significantly elevated at both 22.5°C and 

25°C in comparison to the laboratory-based control group (14.5oC) (p <0.01; both). Mean oxidised glutathione 

concentrations demonstrated a discernible increasing trend with temperature (Figure 18B), but the trend was 

not statistically significant (p = 0.13), nor were any treatments significantly different from the laboratory-

based control group. Similarly, there was no statistically significant change in the glutathione redox ratio with 

increased temperature in laboratory-based crayfish (p = 0.06). Mean reduced glutathione concentrations 

increased significantly from the laboratory-based control group with temperature (p <0.01), with a significant 

increase observed between the control group and both 22.5°C and25°C (p <0.01) (Figure 17D). 

In the field-based study, the mean total glutathione levels varied significantly between localities (p <0.01) 

(Figure 18A). Total glutathione levels were significantly higher in crayfish sampled from both MC at 830m 

(p <0.01) and CaC at 500m (p <0.01) than in the control field locality, BFCON at 800m. Crayfish sampled from 

MC at 830m had significantly elevated levels of total glutathione relative to the laboratory-based control 

group (p <0.01), and were similar to the maximum observed in the most thermally-stressed crayfish in the 

laboratory study. Mean oxidised glutathione concentrations varied significantly between localities (p <0.01). 

Levels were significantly higher in crayfish sampled at MC at 830m (p <0.02) and from NB at 300m (p <0.03) 

than those in the control field locality (BFCON) or in the laboratory control group (Figure 18B). These high 

levels of oxidised glutathione (GSSG) were similar to the levels observed in thermally-stressed crayfish in the 

laboratory study. The glutathione redox ratio varied significantly between localities (p <0.01) and, in crayfish 

sampled from NB at 300m, levels were significantly higher than at the field control locality or the laboratory 

control group (p = 0.02 and p <0.01; respectively) (Figure 18C). The levels in crayfish sampled from NB at 

300m were also well above the highest oxidisation ratio observed during the laboratory study. Mean reduced 

glutathione concentrations varied significantly between localities with levels significantly elevated relative to 

the field control locality in crayfish sampled from CaC at 500m, or from BFC at 800m or from MC at 

830m (p <0.01, p = 0.01 and p <0.01; respectively) (Figure 18D). The reduced glutathione concentration at 

MC was significantly greater than that in the laboratory control group (p = 0.02), but none of field locality 

concentrations were as high as the extreme level found in the laboratory study at the highest temperature. 
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Figure 17: (A) Levels of total glutathione, (B) oxidised glutathione, (C) glutathione redox ratio and (D) 
reduced glutathione from crayfish maintained at 14.5°C, 20°C, 22.5°C, and 25°C for 41 days.  

Results are expressed as mean ± S.E.M. (n = 6-10).*Significantly different from the control (14.5 °C), p<0.05. 

 

 

Figure 18: (A) Levels of total glutathione, (B) oxidised glutathione, (C) glutathione redox ratio and (D) 
reduced glutathione from field-acclimatised crayfish assessed against a control field locality and the 
laboratory-conditioned control group maintained for 41 days at 14.5°C.  

Results are expressed as mean ± S.E.M. (n = 6-9). Note: Higher levels indicate stress in (A), (B), (C) and (D). 
†Significantly different from the control locality (BFCON), *significantly different from the laboratory 
control group; dotted line demonstrates most stressed variable levels in laboratory study organisms seen in the 
laboratory study, p<0.05. 
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Discussion 

The present study investigated the biochemical and physiological responses of E. sulcatus to acute exposure in 

the laboratory relative to chronic exposure in field-acclimatised organisms. Evidence of thermal stress was 

demonstrated by significant change in: (i) haemolymph protein and muscle protein and lipids; (ii) total 

haemocyte counts; (iii) protein carbonyl concentrations and lipid peroxidation; and, (iv) changes to 

glutathione antioxidant activity.  

Within laboratory-acclimated individuals, the largest decreases in lipids coincided with decreases in total 

haemocyte count but unchanged levels of haemolymphatic and muscle total protein, suggesting that lipids 

were used preferentially before protein catabolism for metabolic use. A significant decrease in muscle lipids 

provided evidence of metabolic stress in laboratory-conditioned individuals, at the highest temperature, which 

was 2°C below the lethal limit for E. sulcatus (Bone et al. 2014b). Decreased muscle lipids have been 

previously reported to occur in Litopenaeus setiferus (Pascual et al. 2003) in response to extreme temperature. 

A similar trend was seen in the field-acclimatised individuals, however, with exceptions of two locations; MC 

at 830m and CaC at 500m in which there was significantly increased muscle and haemolymphatic protein, 

respectively. Lipid levels were consistently lower in all field localities, except UP at 700m, than in the 

laboratory-based control group and higher than the lowest value in the laboratory-stressed individuals, 

suggesting potential dietary inadequacies in the field.  Alternatively, other studies have demonstrated a 

decrease in either haemolymphatic and/or muscle protein concentrations to be indicative of stress (Sánchez et 

al. 2001, Pascual et al. 2003, Matozzo et al. 2011), and while protein levels were discernibly lower in crayfish 

from BFC at 800m, MC at 830m, NB at 300m and UP at 700m (in relation to the field control), they never 

reached the lower levels seen in the laboratory-conditioned organisms, suggesting that protein was more 

readily available in the field than lipids. 

Immunological stress in laboratory-conditioned crayfish was evidenced by changes in total haemocyte counts, 

both a significant increase at 20°C and a significant decrease at 25°C. A decrease in haemocytes was also 

demonstrated in thermally stressed Carcinus aestuarii by Matozzo et al. (2011), indicating that a significant 

stressor may have been acting on the laboratory crayfish. An increase in haemocytes has been reported to 

indicate a stress response in other crustaceans (Sánchez et al. 2001, Malev et al. 2010, Bone et al. 2014a), 

demonstrating that while a stressor was present at 20°C, the exposure to a larger stressor at 25°C resulted in a 

compromised immune system. Field-acclimatised crayfish did not show the same trend, with no difference 

occurring between localities or field controls. Given that haemolymph composition and haemocytes play a key 

role in infection control in invertebrates (Jiravanichpaisal et al. 2004), and that high stress from elevated 

temperature leads to a reduced count at higher temperatures, in this study and Matozzo et al. (2011) which 

could result in immunocompromised populations. These findings suggest a mechanism that links high 

temperature stress to the potential for higher mortality rates due to infection by foreign organisms. This has 
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been observed in freshwater crayfish by Persson et al. (1987a), Jiravanichpaisal et al. (2004) and 

Jiravanichpaisal et al. (2006).  

Glutathione cycle changes that shift towards a higher level of oxidised glutathione relative to reduced 

glutathione indicate the presence of oxidative stress and a lower level of antioxidant defence (Schafer and 

Buettner 2001), were evident in this study at 20°C. Alongside oxidation damage, increases in the inactive 

oxidised form of glutathione may reveal a stress-related inability to invoke protective mechanisms at elevated 

temperatures. Significant increases were observed in total glutathione with increased temperature in the 

laboratory and also at the field localities MC at 830m and CaC at 500m, suggesting a response to a stressor 

(Verlecar et al. 2007). However contrasting to increases in the two field localities, increases in the laboratory 

based groups were mostly composed of significant increases of reduced glutathione.   

In addition, changes in oxidised glutathione levels may indicate a breakdown in glutathione recycling and a 

subsequent increased oxidative load on the organism (Schafer and Buettner 2001, Lu 2013). Similarly, 

reduced glutathione depletion due to thermal stress was observed by Bachinski et al. (1997) and Heise et al. 

(2006). However, only two instances of a significant increase in oxidised glutathione were recorded in field-

acclimatised crayfish; in MC at 830m and NB at 300m. Of those two localities, a corresponding increase in 

reduced glutathione concentrations occurred in crayfish sampled from MC 830m; an increase that was not 

exhibited by crayfish sampled from NB, which, coinciding with increased oxidised glutathione, resulted in a 

shift in the glutathione redox ratio which diminished antioxidant capacity thereby predisposing thermally 

stressed animals to more oxidative damage. The increase in oxidative redox state at NB were more 

pronounced than the shifts in the glutathione redox ratio observed in the laboratory, suggesting that crayfish 

from NB was under greater oxidative load than those exposed to thermal stress in the laboratory.  

Increases in protein carbonyl concentration indicate impairment of anti-oxidant systems and an increase in 

oxidant products (Berlett and Stadtman 1997). An increase was only noted in laboratory-conditioned at 20°C; 

not at higher temperatures, suggesting a deleterious effect on the crayfish in response to a small elevation in 

temperature (Winston and Di Giulio 1991, Stadtman 1992, Dalle-Donne et al. 2003). Crayfish from one field 

locality, NB at 300m, exhibited an increase in carbonyl proteins relative to the control locality but carbonyl 

protein elevation in the natural environment was only approximately 50% of the highest levels observed, at 

20°C, in the laboratory study.  

Significant increases in lipid peroxidation concentrations, demonstrating oxidative damage (Heise et al. 2006), 

and similar to those observed at high temperatures in laboratory-conditioned crayfish, were noted in two 

localities, BFC at 800m and NB at 300m. While crayfish at both localities had levels significantly higher than 

both the laboratory or field control crayfish, crayfish from the lower altitude site NB at 300m and presumably 

warmer thermal regimen, demonstrated a greater failure of production of the antioxidant glutathione (reduced 

form), and therefore indicated a higher level of oxidative stress accompanied by decreased antioxidant 

defence. Increased lipid peroxidation confirmed the presence of oxidative stress at higher temperatures, as 
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observed in previous studies on a range of crayfish including; both marine and freshwater vertebrates and 

invertebrates (Parihar et al. 1996, Heise et al. 2006, Verlecar et al. 2007, Bone et al. 2014a). 

The results from the laboratory acclimation study complement those from previous work on E. sulcatus, 

where behaviourally-symptomatic stress, in the form of atypical behaviour was noted, when the crayfish were 

exposed to temperatures above 23°C (Bone et al. 2014b). Data from the laboratory-conditioned crayfish in 

this study, indicate that E. sulcatus was under appreciable thermal stress at temperatures above 22.5°C. As this 

crayfish has been recorded in naturally-occurring ambient temperatures up to 24°C (Coughran 2013), the 

laboratory results indicate the crayfish may already be experiencing physiological stress at current 

environmental levels. It should be noted that stress occurs in captive populations, reducing fitness 

(Woodworth et al. 2002, Frankham 2005). Within the laboratory-populations of this study however, control 

individuals were used to account for background effects of such a reduction in fitness. 

The results here indicate that of all field localities; crayfish at NB and 300m demonstrated consistent changes 

to biochemical variables that could be attributable to a thermal stressor. This population is at the bottom of the 

altitudinal distribution of E. sulcatus and, as such, reveals that stress is already present at a quantifiable level. 

In field populations, elevated temperature could have acted as a  stressor on E. sulcatus over several 

generations, in contrast to lab-based interventions so the presence of biochemical and physiological indicators 

thermal stress in field populations  reveal an inadequacy in  natural defence processes combined with markers 

of damage. As environmental temperature increases, as a first-order climate change effect, this current level of 

stress, combined with limited capacity for physiological adaptation to higher water temperatures (Lowe et al. 

2010, Bone et al. 2014b), is expected to render lower-altitude populations of E. sulcatus vulnerable to 

deleterious effects of increased thermal stress, resulting in negative impacts on population distribution and 

abundance. 
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Chapter 5: EVIDENCE OF STRESS IN EUASTACUS 

5.1 CHAPTER RATIONALE 
This chapter explores evidence of current physiological and biochemical states in seven, exclusively field-

acclimatised, freshwater crayfish species of the genus Euastacus. These crayfish tested show a propensity for 

cooler water temperatures, and due to the refugial distribution of six of these seven species, future increases in 

environmental temperature are expected to have a negative impact on these species.  

Assessment of the physiological and biochemical state of the animals in this chapter followed those used on 

E. sulcatus in the previous chapter. The protocols developed for use in this thesis were minimally-intrusive 

and were used without change. As shown in the previous chapter, the assays have the capacity to demonstrate 

biochemical and physiological responses to a stressor, for example thermal stress.   

In contrast to the previous chapter, where altitude was used as a proxy for temperature variation, this chapter 

utilises seasonal changes in ambient temperature and possibly the associated physiological and biochemical 

condition of the crayfish to ascertain whether there is evidence of thermal stress or injury. This substitution of 

season for elevation was necessary as altitudinal ranges are minimal or absent for several limited-distribution 

Euastacus species. 

The results from this chapter will give an indication of the stress that the crayfish are under during warmer 

thermal conditions relative to cooler times of the year. Indicators of presence of thermal stress were based 

around two systems: (i) metabolic evidence of catabolism and (ii) evidence of oxidative stress, with a 

complementary immunological assessment.   
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5.2 ABSTRACT 
Results from previous chapters of this thesis have demonstrated the efficacy of the minimally-intrusive tests 

demonstrating changes in biochemical and physiological state in response to a thermal stressor. Chapter 4 

focussed on implementing an array of tests of physiological and biochemical responses in field- acclimatised 

crayfish, and used habitat as a proxy measurement for different thermal regimes (i.e. those organisms at lower 

altitudes are exposed to ‘warmer’ thermal regimes than those at higher altitudes). With the exception of two of 

the seven species, the crayfish used in this study have extremely limited distributions, and using the same 

method of testing for the presence of a thermal stressor is not possible. To obtain an appreciable variation in 

water temperature, and physiological acclimation to differing thermal regimes, sampling was conducted across 

autumn, winter and summer. It was expected that variation between winter and summer would be significant 

and give initial evidence of a response. Additionally, due to the similarity in habitat between most of the 

species (with the exception of E. suttoni) and the presumed limited genetic variation within species, change in 

state could be assessed against those observed in previous data chapters to demonstrate a relative magnitude 

of effect. 

Several of the indicators in summer gave evidence of the operation of a significant stressor, and due to the 

differences in water temperature observed in all species between the cooler and warmer seasons, the warmer 

water temperatures in summer would appear to be the source of this elevated stress. Limited evidence of 

oxidative damage, but appreciable changes to the glutathione variables and metabolic indicators of catabolism, 

were present in autumn. Variability between species was demonstrated in the glutathione variables; however 

the magnitude suggested only minor baseline responses to temperature variation. The limited extent of 

physiological and biochemical response in winter suggests that the thermal regime in winter constitutes a 

more acceptable environmental condition for all species.  

Using a prioritised stress index (based on physiological and biochemical responses between cooler and 

warmer seasons), the highest ‘stress’ was evident in populations of E. bindal, E. sulcatus and E. suttoni. 

Levels reported for these species were closely followed by results from E. fleckeri, E. monteithorum and 

E. setosus; while the lowest ‘stress’ was found in E. setosus and E. eungella. 

The results from this study suggests that during the warmer seasons some of the species are facing appreciable 

stress from higher temperatures as indicated by several physiological and biochemical indicators. Due to the 

limited distribution of these species, discernible temperature stress at present, and anticipated future global 

warming, their future distribution looks likely to be increasingly restricted. 
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5.3 INTRODUCTION 
Thermal tolerance is necessary for minimising fitness-reduction from non-optimal temperatures and is evident 

in poikilothermic organisms in response to acute and longer-term environmental changes. Various 

physiological or biochemical responses (Angilletta et al. 2002) can ensure that homeostasis is maintained 

under stress in all ectothermic organisms and these responses are critical for initially surviving temperatures at 

the edges of organism-specific thermal niches. In aquatic ectothermic organisms, thermal regulation is 

generally mediated, where possible, by physical movement to zones of suitable temperature. In the case of 

freshwater crayfish inhabiting small headwater tributaries, which may have limited capacity for thermal 

regulation due to the uniformity of temperature of the surface water flow, they may leave the aquatic system, 

as demonstrated in E. sulcatus  (Riek 1951, Furse et al. 2004) for terrestrially-driven, evaporative cooling 

where dew point temperatures may permit such cooling. In instances where evaporative capacity is limited 

due to a high dew point, physiological or biochemical adjustments are probably the only further response 

available to enable endurance of a thermal stressor. As such, appropriate physiological and biochemical 

adjustments, in terms of seasonal acclimation (Layne et al. 1985) must be available for survival at 

temperatures outside of optimal ranges, although these thermal limits will be restricted by evolutionary history 

(Stillman 2002). Physiological and biochemical response are complex systems involving much interplay (see 

chapters 1, 3 and 4), however for this thesis, the most useful have been shown to be metabolic reshuffling, 

oxidant product formation impacts and the up-regulation of the glutathione anti-oxidant system in response to 

increased oxidant production.  

The system of up-regulation and de-regulation of physiological and biochemical response will be shifted 

towards either shorter (and probably readily reversible) acclimation, or longer, (i.e. seasonal, and less 

promptly reversible) adaptation, to temperature variation. Limited study has been undertaken on the 

physiological response of genus Euastacus; however work by Lowe et al. (2010) determined that E. sulcatus 

had a limited capacity for adaptation, specifically in the case of the effect of temperature on aerobic and 

anaerobic capacity. Stability of the daily thermal regime was postulated as an evolutionary cause of limited 

physiological adaptability. Therefore, it may be presumed for reversible adaptation to be limited in response, 

due to the small day-to-day temperature variation for members of genus Euastacus limited to higher altitude 

habitat, whereas seasonal variations in ambient temperature will require more effective responses to limit the 

effects of temperature as a stressor.  

An increased level of thermally-induced oxidative stress and subsequent response to limit or minimise the 

consequences of oxidative stress would be expected in warmer months relative to cooler months, due to 

increases in temperature towards the higher end of the thermal niche. Comparison between seasons may 

reveal, from the state of physiological and biochemical indicators, which organisms are under greater stress in 

the warmer season, and, using relative signals derived from results Chapter 4 with E. sulcatus, may 

demonstrate the level of thermal stress imposed on the species. The effect of the stressor, as discussed in the 
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general introduction; may elicit a minor physiological or biochemical responses where consequences of the 

stressor are negligible and at higher levels the effects of the stressor (and also a high-level response) may have 

prejudicial effect at both an individual and population level.  

The freshwater crayfish, genus Euastacus, comprises 52 described species (Furse et al. 2013), ranging in 

habitat from low-lying areas, at, or near, sea-level in southern and eastern Australia, to highland rainforest 

areas above 1000 m (Morgan 1988, 1997) in tropical regions of Queensland: indeed in Queensland the genus 

is generally restricted to high-altitude refugia (Ponniah and Hughes 2004). The genus is composed of three 

broad genetic clades (Shull et al. 2005), and can be morphologically grouped by common differences in the 

presence of spination, size, and evidence or/lack thereof of a male cuticle partition (Coughran 2008) (see 

Appendix II, Table 2-4). Within Queensland, several species are restricted to highland ‘refugia’, and therefore 

are vulnerable to several future threats (e.g. climate change, habitat modification, etc.). Additionally, the 

relative stability in within- and between-day temperatures in the aquatic system in the narrow thermal niche in 

their highland refugia permits, and suggests that they have, minimal plasticity in response to elevated 

temperatures. The prospect of minimal phenotypic plasticity, coupled with restricted distribution (due to 

mountain-top “island” refugia), suggests that any future environmental temperature change will have a large 

impact on these crayfish. The low fecundity and slow growth to sexual maturity within this genus (Honan and 

Mitchell 1995c, Coughran 2011) may be detrimental for the long-term survival of highland-restricted 

Euastacus due to the disparity between (i) a steadily changing selecting agent (increasing environmental 

temperature), (ii) the low rate of evolution, (iii) limited genetic adaptability to heightened temperatures (Hogg 

and Williams 1996), (iv) changing environmental conditions in other ways, (v) restricted refugia (Allan et al. 

2005) and (vi) strictly limited dispersal capacity/opportunity. Thus while temperature increase, as a factor of 

climate change, is clearly indicated as a threatening process to various highland Euastacus species (Furse and 

Coughran 2011b), other factors, such as those above, may potentiate the effect. Changes to hydrological 

systems are expected to change riparian vegetation assemblages and, as the majority of highland Euastacus 

are restricted to headwater streams lined by notophyll rainforest (a rainforest dominated by small and 

mesophyll-leaved vegetation, Webb 1959), changed vegetation assemblages may impact food resources, 

hydrological regimes, water quality and remove thermal buffering currently provided by a closed vegetation 

canopy. The impacts due to climatic changes in temperature and hydrological systems on a species with a 

narrow thermal niche will be considerable, specifically if plasticity in response is not available to perform at 

conditions which are outside of normal optimal ranges. 

Seasonal variations can be used to determine if the upper end of current thermal regimes are the source of 

stress, eliciting heightened protective responses as observed by elevated metabolism, elevated oxidant 

production and coinciding upregulated anti-oxidant response. If warm-season thermal stress is already present, 

high seasonal variation in temperature (relative to daily variation) will ensure that a quantifiable and 

distinctive variation in response will be observed, as this response would be expected to be most amplified 

(and thus most readily detectable) during the warmer summer months. These could then be assessed against 
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stress responses from winter-acclimated individuals of the same population (i.e. catchment) of the same 

species to quantify a change in stressor.  

The appearance of levels of these stress indicators that are high (or ‘low’ for inversely scaled stressor 

responses), imply the presence of a stressor. These responses may indicate a reduction in fitness at currently 

high environmental temperatures and point to further prejudice to these animals consequent upon increased 

environmental temperature in the future. While populations of restricted-distribution Euastacus may be 

demonstrating response to deleterious conditions at the lower altitudes of their distribution range (e.g. as 

found in E. sulcatus in Chapter 4), species-wide effects will be demonstrated if animals at the top altitudinal 

extent of their distributions demonstrate potentially fitness-reducing responses to typical high seasonal 

temperatures: these, thus, are the best candidates for testing. If the populations at the higher end of the species’ 

altitudinal range do not show deleterious effects then the population (and hence, species) may have some 

differential between environmental extremes and thermal maxima to buffer anticipated temperature rises, and 

so be less-susceptible to future environmental temperature.  

The aim of this chapter is to assess the level of physiological and biochemical response to assess the presence 

of thermal stress (established by increases in temperature and forced seasonal acclimation) in these crayfish in 

their current environment, especially in the warmer seasons of the year.  The assessment is for seven species 

of highland Euastacus, with IUCN red-list threat listings ranging from Vulnerable (VU) to Critically 

Endangered (CR) (IUCN 2011). The state of response will then be used to infer what the levels of imposed 

stressed may be. Of the seven species, four were selected from the ‘small, poorly-spinose’ group, while three 

were from the ‘large, heavily-spinose’ group, in order to quantify any difference in response between the 

morphological sub-groups. Species were selected from Queensland and, with the exception of one species, 

inhabit notophyll rainforest-lined, headwater streams. The assessment of physiological and biochemical 

response will follow those observed in the results of earlier chapters through the analysis of a selection 

indicators of metabolic resources, oxidant load, and anti-oxidant capacity of the glutathione variables.  
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5.4 MATERIALS AND METHODS 
5.4.1 EXPERIMENTAL DESIGN 

Target Species 

The species used in this study were E. eungella, E. bindal, E. sulcatus, E. setosus, E. monteithorum, E. fleckeri 

and E. suttoni (Table 2 and Figure 19). All freshwater crayfish in this study are found in rainforest at higher 

altitudes, with the exception of E. suttoni, which occupies rainforest, heath and pasture systems (Table 2) 

(Morgan 1988, Coughran 2008). These crayfish inhabit fast-flowing waters and generally inhabit all 

microhabitat types within the stream system though generally they are found fully submerged (Morgan 1988, 

1989, Furse et al. 2012a). 

Of the study species, four are listed as critically endangered and are restricted to mountaintop refugial 

habitats. The extent of occurrence for the study species ranges from to < 10 km2 for E. bindal to < 20,000 km2  

for E. suttoni (Morgan 1988, Furse et al. 2012a) (Table 2). The E. sulcatus samples were collected the 

western-margin of the species’ distribution and were formerly known as E. cunninghami before being 

synonymised with E. sulcatus (Morgan 1988). All the crayfish used in this study were categorised under 

several IUCN threats; all, with the exception of E. suttoni, are classed as being under threat from changes in 

environmental temperatures, attributable to climate change (Table 3). 

Table 2: Summary table of study sites.  

Note: CR = critically endangered, VU = vulnerable, EN = endangered, (after IUCN red list status). 

Species Sample Site (decimal degrees) 

Typical 
Altitude 

(meters above 
sea level) 

IUCN 
Status 

Extent of 
Occurrence (km2) 

E. bindal Morgan Tributary of Sandy Creek, Mt Elliot 
(146.97°E, -19.48°N) ~1080 CR < 10 

E. eungella Morgan Tributary of Cattle Creek, Mt Dalrymple 
(148.604°E, -21.09°N) ~990 CR < 100 

E. fleckeri (Watson) Tributary of Mary Creek, Mt. Lewis 
(145.28°E, -16.59°N) ~1075 EN < 1,000 

E. monteithorum Morgan Tributary of Munholme Creek, Kroombit 
Tops NP (151.03°E, -21.41°N) ~920 CR < 10 

E. setosus Riek Tributary of Cedar Creek, D’Aguilar NP 
(152.76°E, -27.33°N) ~650 CR < 10 

E. sulcatus Riek Tributary of Gap Creek, Main Range NP 
(152.37°E, -28.06°N) ~770 VU ~ 8,000 

E. suttoni Riek Tributary of Bald Rock Creek, Bald Rock 
Creek NP (151.94°E, -28.82°N) ~920 VU < 20,000 
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Figure 19: Euastacus study sample sites (Queensland, Australia). 
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Table 3: Summary of study Euastacus species.  

Note. Habitat codes: RF = Rainforest; SF = Sclerophyll Forest; H = Heath; P = Pasture. IUCN Threats: 5.4 = 
Fishing and harvesting aquatic resources; 6 = Human intrusions and disturbance; 7.1 = Fire and fire 
suppression (increase in fire frequency/intensity); 8.1 = Invasive non-native/alien species; 11.1 = Habitat 
shifting and alteration; 11.2 = Droughts; 11.3 = Temperature extremes. 1 (Morgan 1988), 2 (Furse et al. 
2012a), 3(Morgan 1989), 4(Furse and Coughran 2010), 5(Coughran and Furse 2010a). 

Species Max OCL (mm) Habitat Key Morphology IUCN Threat Category4,5 

E. eungella 33.0 RF Poor spination, dorsal chelae are 
blue/purple1 5.4, 7.1, 8.1, 11.2, 11.3 

E. bindal 34.5 RF Poor spination, purple ventro-
lateral tint2,3 5.4, 8.1, 11.2, 11.3 

E. sulcatus 99.5 RF SF Heavy spination, distinct blue and 
white colouration1 5.4, 6, 7.1, 8.1, 11.1, 11.2, 11.3 

E. setosus 38.5 RF Poor Spination, brown dorsal tint1 5.4, 6, 7.1, 8.1, 11.1, 11.2, 11.3 
E. monteithorum 37.9 RF Poor spination, green dorsal tint3 7.1, 8.1, 11.1, 11.2, 11.3 

E. fleckeri 119 RF Heavy spination: distinct blue tint 
with red highlights1 5.4, 7.1, 8.1, 11.1, 11.2, 11.3 

E. suttoni 86.3 RF H P Heavy spination, distinct red tint1 2.3, 3.2, 5.1, 8.1 
 

Sample Collection 

The collection of samples from these crayfish followed those described in Chapter 2. All samples were 

collected from inter-moult crayfish. Samples were collected from each site over three successive seasons in 

autumn 2013, winter 2013 and summer 2014. Sequential seasonal samples were collected from sites ~50 m 

from any previous sample site to help minimise the chance of repeated sampling of individual crayfish 

between seasons, as E. sulcatus has been documented as moving an average of 50m from a capture point (and 

assumed territory) (Furse et al. 2004). Additionally, crayfish were checked for re-growth of previous leg 

sampling, and if noted were not sampled.  

 

Statistics 

Statistical analyses of biochemical and physiological response within each season in this study were broken 

into two steps. The first step focused on the predictor variables and assessment of raw response variables for 

normality. The second step assessed the main effects of season and species (and their interaction) on 

biochemical and physiological responses. 

  

Summary of Variables of Interest 

Response variables were: (i) total haemolymph proteins; (ii) total muscle proteins; (iii) total muscle lipids; 

(iv) total haemocyte counts; (v) protein carbonyl concentration; (vi) lipid peroxidation; (vii) total glutathione 
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concentrations; (viii) reduced glutathione concentrations; (ix) oxidised glutathione concentrations and 

(x) glutathione redox ratios.  

 

1st segment: A-priori analysis 

The main objective of this first step was to prepare data for further analysis. Gender ratios for ‘whole-season’ 

assessment were assessed a-priori using a chi-square analysis. Physiological and biochemical responses were 

initially assessed for normality using Levene’s test, p-p and q-q plots. When normality assumptions were 

appreciably violated, transformations were applied. Log(y) transformations of total haemocyte counts were 

applied and, as normality were achieved, then the transformed data were analysed. No other transformations 

were required. 

 

2nd step: Response variable assessment 

The main objective of the second segment was to determine if there was an effect of season (and by proxy, 

increased temperature) on the biochemical and physiological indicators. Response indicators were assessed 

using a GLM analysis of covariance in Statistica (StatSoft 2005). Biochemical and physiological indicators 

were taken as the dependant variables in separate analyses, with OCL (body size) as a continuous predictor 

and species and season as categorical predictors. The interaction (if any) between species and season was also 

assessed. Where merited by an absence of significant interaction, mean values (averaged across all species) 

for each indicator was then plotted, partitioned by season. Significance differences between seasons were then 

further assessed by a Duncan’s Multiple Range post-hoc test. Critical thresholds for all analyses were set to 

α = 0.05. 

 

Prioritisation of Physiological and Biochemical Indicators 

In order to assess the physiological and biochemical responses to stress between species, the quantified stress 

responses (metabolic, immunological and oxidative) were given a specific weighting (stress weighting) in 

order of their biological significance (Table 4). The biological significance of each response was determined 

by both the effect on other systems within the organism (see Chapter 1) and the reduction in fitness caused by 

a high magnitude of change in the variable.  

Haemolymph protein, muscle protein and muscle lipid concentrations, as evidence of chronic usage for 

metabolic processes, were given the lowest stress value score for assessing increased response to the stressor, 

specifically as they are complementary to those indicators of increased oxidative stress. Similarly total 

86 
 



  Chapter 5 – Evidence of stress in Euastacus 

haemocyte count, providing evidence of compromised immunological status, was given a lower stress value.  

In contrast, increased oxidant products and composition changes to glutathione, namely increased oxidised 

glutathione and an increased oxidative state of glutathione were given the highest stress value while total 

glutathione concentration changes and decreased reduced glutathione concentrations were also given a high 

stress value (Table 4). 

Negative changes to the glutathione process and oxidant-products were given a higher rating than negative 

metabolic and immunological changes. The weights were selected as where oxidant products and 

compromised anti-oxidant capacity of glutathione are regarded as a general measure of injury to the organism. 

In this sense, an increase in oxidant products and a change in state of glutathione concentrations and 

composition were generally given a higher weighting as stress indicators than metabolic and immunological 

values; as although indicative of a response to a stressor, these values indicated metabolic turnover or a 

compromise of the immune system rather than injury and protective response. The final value allowed for 

evaluation of the level of stress and the inference of reduction in fitness due to increased temperature in each 

species of Euastacus in this study.  

Table 4: Weightings applied to physiological and biochemical stress indicators to compute an overall stress 
level.  

Note: 1-lowest; 4-highest. 

Stress Response Stress Response 
Value 

Haemolymph Protein 1 
Muscle Protein 1 
Muscle Lipids 1 
Total Haemocyte Count 2 
Protein carbonyls 4 
Lipid Peroxidation 4 
Total Glutathione 3 
Reduced Glutathione 3 
Oxidised Glutathione 4 
Glutathione Redox Ratio 4 
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5.5 RESULTS 
5.5.2 BODY SIZE SUMMATION 

Body size displayed notable variation between species; the largest variation was evident in E. fleckeri (Figure 

20 and Appendix II, Table 1). The differences in body size indicated not only the potential for differences in 

biochemical and physiological response between species, but also within each species. For example, the large 

variation in E. fleckeri during summer may promote variance in the stress responses due to difference in 

resilience of adults vs. juveniles. Therefore differences in body size required that this predictor variable was 

included in analysis of the difference in response between seasons. 

 

Figure 20: Average body size (OCL) within each species of Euastacus with separation between seasons 
(means ± s.d.). 

 

5.5.3 WATER TEMPERATURE AT TIME OF SAMPLING 

Water temperatures within each species were inherently linked to season and variation in the seasonal range of 

temperatures were evident (Table 5 and Figure 21). Water temperatures in summer and autumn (the warmer 

months) were more similar in the most northerly sites of this study (habitats of E. bindal, E. eungella and 

E. fleckeri) than in the locations of other species.  The greatest seasonal ranges in temperatures are evident in 

the habitats of E. sulcatus and E. suttoni, the most southerly locations in the study. The highest and lowest 

water temperatures, and subsequently water temperature variation between seasons (Table 5), were also 
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evident in habitats of these two species. The differences in water temperatures, and the variation between each 

season indicated that it would serve as a viable proxy for general thermal regimes (i.e. warmer or cooler parts 

of the year) in the assessment of differences in states of biochemical and physiological responses.  

Table 5: Snapshot water temperatures across each season and sample site. 

* Temperature variation denotes differences in water temperature between seasons.  

Species Autumn 2013 (°C) Winter 2013 (°C) Summer 2014 (°C) Temperature variation (°C)* 

E. bindal 17.2 14.7 17.8 1.64 

E. eungella 17.6 14.2 17.8 2.02 

E. fleckeri 18.6 15.9 19 1.69 

E. monteithorum 15.9 14.7 17.9 1.62 

E. setosus 16.5 14.9 18.7 1.91 

E. sulcatus  13.9 12.0 19.4 3.84 

E. suttoni 13.1 12.4 20 4.20 
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Figure 21: Water temperatures (°C) across each season and species.  
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HAEMOLYMPH PROTEIN 

The ANOVA table (Table 6) indicates that there was no significant interaction between the values for each 

species and season in levels of haemolymph protein (p = 0.14), so any effect of either variable on 

haemolymph protein can be generalised across levels of the other variable. There was no overall difference 

in haemolymph protein levels between species (p = 0.095) and body size had no effect on levels of these 

proteins (p = 0.11), but levels differed strongly between seasons (p << 0.01). Levels for each species in each 

season are plotted in figure 22. 

Table 6: ANCOVA of haemolymph protein against species, season and body size 

Source SS DF MS F P 

Species × Season 2722.68 12 226.89 1.48 0.14 

Species 1689.89 6 281.65 1.84 0.095 

Season 4961.58 2 2480.79 16.23 4.5×10-7 

Body Size 385.05 1 358.05 2.51 0.11 

Residual 21706.39 142 152.86   

 

 

Figure 22: Mean haemolymph protein concentrations across each season, separated by species (weighted 
means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species. 
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Mean haemolymph protein concentrations from all species differed significantly between seasons (Figure 

23). The highest level of haemolymph proteins was observed in winter and the lowest in autumn, while 

summer levels were intermediate. In warmer seasons (summer and autumn), haemolymph protein 

concentrations were significantly lower than those in winter, suggesting a higher turnover in protein. 

 

Figure 23: Mean haemolymph protein concentrations (weighted means ± s.e.; average of all species).  

 

Significant differences between seasons in mean haemolymphatic protein concentrations were evident from 

the overall analysis and were individually significant in three species; E. bindal, E. fleckeri and E. sulcatus 

(Figure 22). The highest degree of variation was evident in E. bindal where all seasons were significantly 

different to all others (p = < 0.033), while in each of E. fleckeri and E. sulcatus only winter concentrations of 

haemolymph protein were significantly higher than levels in either other season (p < 0.01 and p = 0.03, 

respectively).  
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MUSCLE PROTEIN 

The ANOVA table (Table 7) indicates that there was no significant interaction between the values for each 

species and season in levels of muscle protein (p = 0.22), so any effect of either variable on muscle protein 

can be generalised across levels of the other variable. There was overall, a significant difference in muscle 

protein levels between species (p = 0.046), and levels of those muscle proteins was also affected by body 

size (p = 0.038). Levels differed strongly between seasons (p << 0.01).  Levels for each species in each 

season are plotted in figure 24. 

Table 7: ANCOVA of muscle protein against species, season and body size 

Source SS DF MS F P 

Species × Season 20.49 12 1.70 1.30 0.22 

Species 17.31 6 2.88 2.21 0.046 

Season 337.90 2 168.95 129.17 1.0×10-31 

Body Size 5.76 1 5.76 4.41 0.038 

Residual 171.35 131 1.31   

 

 

Figure 24: Mean muscle protein concentrations across each season, separated by species (weighted 
means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species. 
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Mean muscle protein concentrations from all species differed significantly between seasons (Figure 25). The 

highest level of muscle protein was found in summer and the lowest in winter and autumn.  

 

Figure 25: Mean muscle protein concentrations between seasons (weighted means ± s.e.; inclusive of all 
species).  

 

Significantly higher muscle protein concentrations were evident in summer across all seven species (Figure 

24). All species had summer protein concentrations significantly higher than both autumn and winter 
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MUSCLE LIPIDS 

The ANOVA table (Table 8) indicates there was a significant interaction between the values for each species 

and season in levels of muscle lipids (p << 0.01). Therefore, there were differing patterns of response 

between species and season. There were two discernible groups of species and response, with evident 

differences between the duo of E. sulcatus and E. suttoni and the group of all other species (Figure 26). 

Further analysis indicated there was no significant difference between the duo of E. sulcatus and E. suttoni 

(p = 0.40), while seasonal changes in lipid concentrations remained significant (p < 0.01) (Table 9). Analysis 

of the grouping of response seen in the remaining species indicated that there was no effect of body size or 

species on muscle lipids (p = 0.57 and p = 0.22, respectively) (Table 10). More importantly however, there 

was no significant change in muscle lipids between seasons (p = 0.15). 

Table 8: ANCOVA of muscle lipids against species, season and body size 

Source SS DF MS F P 

Species × Season 1285915 12 107159.6 5.38 4.2×10-7 

Species 276834 6 46138.9 2.32 0.038 

Season 1007481 2 503740.3 25.31 9.1×10-10 

Body Size 4513 1 4513.0 0.23 0.63 

Residual 2189691 110 19906.3   

 

Table 9: ANCOVA of muscle lipids against species, season and body size (E. sulcatus and E. suttoni) 

Source SS DF MS F P 

Species × Season  3435 2 1717.3 0.08 0.92 

Species 15315 1 15315.5 0.73 0.40 

Season 1915206 2 957603.1 45.76 2.38 ×10-5 

Body Size 38885 1 38885 1.86 0.18 

Residual 565004 27 20926.1   

 

Table 10: ANCOVA of muscle lipids against species, season and body size (E. bindal, E. eungella, 
E. fleckeri, E. monteithorum, and E. setosus)  

Source SS DF MS F P 

Species × Season 127996 1 15999.5 0.83 0.58 

Species 113109 4 28277.2 1.46 0.22 

Season 75593 2 37796.7 1.95 0.15 

Body Size 6204 1 6203.7 0.32 0.57 

Residual 1584112 82 19318.4   
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Figure 26: Mean muscle lipid concentrations across each season, separated by species (weighted means).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species. 

 

Therefore it appeared that there were two grouping of seasonal changes to muscle lipids. Within the 

E. sulcatus and E. suttoni duo, muscle lipids were highest in summer and were significantly lower in autumn 

and winter, when values scarcely differed (Figure 27). During both autumn and winter it appeared that 

muscle lipids were at low levels, such as those observed in C. quadricarinatus in chapter 3, indicating 

increased consumption, occurring during warmer months. In the other group, made up of the remaining 

species, there was no discernible change between overall muscle lipids across seasons (Figure 28), indicating 

limited muscle lipid turnover. 
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Figure 27: Mean muscle lipid concentrations between seasons averaged for E. sulcatus and E. suttoni 
(weighted means ± s.e.). 

 

Figure 28: Mean muscle lipid concentrations between seasons averaged for E. bindal, E. fleckeri, 
E. eungella, E. monteithorum and E. setosus (weighted means ± s.e.).  
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TOTAL HAEMOCYTE COUNT 

The ANOVA table of log-transformed total haemocyte counts (Table 11) indicates that there is significant 

interaction between the values for each species and seasons in total haemocyte counts (p << 0.01) while 

season was not a significant factor (p = 0.057). Body size also had a significant effect on total haemocyte 

variation (p = 0.021). Therefore, there were differing patterns of response between species and season, 

confounded by body sizes. Contrasting to the previous assessment of muscle lipids, where two groups of 

response existed, there did not appear to be any consistency in the pattern of response across these species 

(Figure 29). As such, while the total haemocyte counts appeared informative in previous investigations, the 

patterns of total haemocyte count response to seasonal variation were ambiguous and could not be included 

in the assessment of state of response to temperature for each species. 

Table 11: ANCOVA of log-transformed total haemocyte count against species, season and body size 

Source SS DF MS F P 

Species × Season 1.44 12 0.12 5.02 4.8×10-7 

Species 0.48 6 0.08 3.33 0.0040 

Season 0.14 2 0.07 3.03 0.057 

Body Size 0.13 1 0.14 5.78 0.021 

Residual 3.83 160 0.02   

 

 

Figure 29: Mean total haemocyte counts across each season, separated by species (back-transformed, 
weighted means ± s.e.).  
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PROTEIN CARBONYL CONCENTRATIONS 

The ANOVA table (Table 12) indicates that there was no significant interaction between the values for each 

species and season in concentration of protein carbonyls (p = 0.21), so any effect of either variable on protein 

carbonyl concentration can be generalised across levels of the other variables. There were significantly 

different concentrations of protein carbonyl concentrations across the various species (p < 0.01), but not 

body size (p = 0.11). Levels also differed strongly between seasons (p << 0.01). Levels for each species are 

plotted in figure 230. 

Table 12: ANCOVA of protein carbonyl concentrations against species, season and body size 

Source SS DF MS F P 

Species × Season 0.72 12 0.06 1.33 0.21 

Species 1.13 6 0.19 4.18 8.6×10-4 

Season 1.08 2 0.54 12.01 2.1×10-5 

Body Size 0.12 1 0.12 2.59 0.11 

Residual 4.70 104 0.05   

 

 

Figure 30: Mean protein carbonyl concentrations across each season, separated by species (weighted 
means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species, ‘a’ denotes 
significant difference between two seasons within each species 
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Mean protein carbonyl concentrations across all species changed significantly between cooler and warmer 

seasons (Figure 31). The highest levels of protein carbonyls were in both summer and autumn and the lowest 

was in winter. The increased levels of protein carbonyl concentrations in summer and autumn indicate an 

increase in oxidative stress, with increased protein oxidation. 

 

Figure 31: Mean protein carbonyl concentrations between seasons (weighted means ± s.e.; inclusive of all 
species). 

 

Significant changes in mean protein carbonyl concentrations between seasons were evident from the overall 

analysis and were individually significant in three species; E. fleckeri, E. setosus and E. sulcatus (Figure 30). 

In E. fleckeri and E. sulcatus winter was significantly different to each of summer and autumn (p < 0.01), 

separately, while for E. setosus winter was different to summer (p = 0.01) but not to autumn.  
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LIPID PEROXIDATION 

The ANOVA table (Table 13) indicates that there is significant interaction between the values for each 

species and season in levels of lipid peroxidation (p = 0.019) but not for body size (p = 0.092). Lipid 

peroxidation levels differed strongly between seasons (p << 0.01). Inspection of figure 32 suggests that the 

interaction between species and season in lipid peroxidation levels might be largely attributable to difference 

in seasonal variations of lipid peroxidation in E. sulcatus. This confounded overall analysis in other species, 

so this species was removed from the overall analysis, reducing the confounding interaction (p = 0.13). 

However, due to the low levels of lipid peroxides in winter (as per the other species) (Figure 32), further 

analysis was still conducted on E. sulcatus. Levels for each species are plotted in figure 32.  

Table 13: ANCOVA of lipid peroxidation against species, season and body size 

Source SS DF MS F P 

Species × Season 53.67 12 4.47 2.13 0.019 

Species 46.57 6 7.76 3.70 0.0021 

Season 191.65 2 95.82 45.61 1.3×10-15 

Body Size 6.07 1 6.07 2.89 0.092 

Residual 262.61 125 2.10   
 

 
Figure 32: Mean lipid peroxidation (as indicated by lipid hydroperoxides) across each season, separated by 
species (weighted means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species, ‘a’ denotes 
significant difference between two seasons within each species 
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Mean lipid peroxidation concentrations across all species changed significantly between warmer and cooler 

seasons (Figure 33). The highest level of lipid peroxidation was evident in summer and autumn, while the 

lowest levels were observed in winter. The high levels of lipid peroxidation in warmer months indicate, as 

per increased protein carbonyl concentration, an increase in oxidative stress. 

 

Figure 33: Mean lipid peroxidation between seasons (weighted means ± s.e.; inclusive of all species with the 
exclusion of E. sulcatus). 

 

Significant changes in mean lipid peroxidation concentrations between seasons were evident from the overall 

analysis and were individually significant, in that levels were lower in winter than other seasons in all 

species. Within all species there were significantly reduced lipid peroxidation levels in winter (p < 0.045) 

(Figure 32).   
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TOTAL GLUTATHIONE 

The ANOVA table (Table 14) indicates a significant difference in total glutathione across seasons (p << 0.01) 

and between species (<<0.01) but also a significant interaction between the effects of species and seasons 

(p << 0.01). Body size was not a significant factor in total glutathione concentration (p = 0.55). Levels for 

each species in each season are plotted in figure 34. There appeared to be three groups of response between 

seasons (Figure 32). In E. eungella and E. fleckeri total glutathione concentrations varied little if at all 

between seasons (p = 0.93) (Table 15) while in E. setosus and E. suttoni total glutathione levels were 

relatively similar in autumn and winter comparative to a strong decrease in summer (p << 0.01) (Table 16). 

In E. bindal, E. monteithorum and E. sulcatus, however a strong difference in response was apparent 

between seasonal variation in total glutathione concentrations (p << 0.01) (Table 17), compromising valid 

analysis of effect. Therefore, analysis of significant differences in total glutathione in these species was not 

conducted. 

Table 14: ANCOVA of total glutathione against species, season and body size. 

Source SS DF MS F P 

Species × Season 439364 12 36614 12.40 9.2×10-17 

Species 222973 6 37162 12.59 2.9×10-11 

Season 421479 2 210740 71.40 6.3×10-22 

Body Size 1065 1 1065 0.36 0.55 

Residual 401390 136 2951   

 

Table 15: ANCOVA of total glutathione against species, season and body size (E. eungella and E. fleckeri). 

Source SS DF MS F P 

Species × Season 869.9 2 435 0.26 0.77 

Species 13.3 1 13.3 0.008 0.93 

Season 15311.9 2 7656 4.64 0.02 

Body Size 52.7 1 52.7 0.03 0.86 

Residual 57765.2 35 1650.4   

 

Table 16: ANCOVA of total glutathione against species, season and body size (E. setosus and E. suttoni). 

Source SS DF MS F P 

Species × Season 8254.6 2 4127.3 0.71 0.50 

Species 109902.3 1 109902.3 19.00 1.73 ×10-4 

Season 495876 2 247938 42.86 8.6 ×10-5 

Body Size 15679.6 1 15679.6 2.71 0.11 

Residual 237197.5 41 5785.3   
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Table 17: ANCOVA of total glutathione against species, season and body size (E. bindal, E. monteithorum 
and E. sulcatus). 

Source SS DF MS F P 

Species × Season 55773.1 4 13943.3 9.7 4.0 ×10-6 

Species 38340.3 2 19170.2 13.34 1.7 ×10-5 

Season 337663.8 2 168831.9 117.5 3.4 ×10-4 

Body Size 8424.1 1 8424.1 5.86 0.02 

Residual 83335.4 58 1436.8   

 

 

Figure 34: Mean total glutathione across each season, separated by species (weighted means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species.  

 

Therefore two differing responses in total glutathione were evident between warmer and cooler seasons. In 

E. eungella and E. fleckeri there was no evidence of such a variation while in E. setosus and E. suttoni, there 

was clear indication of a stress response in summer, possibly due to oxidative stress (see discussion for 

details). 
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Figure 35: Mean total glutathione between seasons in E. eungella and E. fleckeri (weighted means ± s.e.).  

 

Figure 36: Mean total glutathione between seasons in E. setosus and E. suttoni (weighted means ± s.e.).  
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REDUCED GLUTATHIONE 

The ANOVA table (Table 18) indicates significant difference in reduced glutathione concentrations across 

seasons (p << 0.01) and between species (p <<0.01), but also a significant interaction between the effects of 

species and seasons (p << 0.01). Body size however was not a significant factor driving variation in reduced 

glutathione levels (p = 0.94). Levels for each species are plotted in figure 37. There appeared to be three 

groups of response between seasons. In E. bindal, E. setosus, E. sulcatus and E. suttoni reduced glutathione 

concentrations were observed in warmer seasons however confounding interaction between responses 

occurred (p << 0.01) (Table 19). Removal of E. bindal facilitated removal of the significant interaction 

(p = 0.08) (Table 20), and demonstrated decreased concentrations of reduced glutathione in E. setosus, 

E. sulcatus and E. suttoni during warmer seasons. In E. eungella, E. fleckeri and E. monteithorum however, 

reduced glutathione concentrations responses while lower in warmer seasons were confounded (p << 0.01) 

(Table 21), and so results were ambiguous.     

Table 18: ANCOVA of reduced glutathione against species, season and body size 

Source SS DF MS F P 

Species × Season 386539.4 12 32211.6 10.17 8.2×10-14 

Species 192574.2 6 32095.7 10.13 3.7×10-9 

Season 606813.4 2 303406.7 95.81 3.7×10-26 

Body Size 17.4 1 17.4 0.006 0.94 

Residual 405311.5 128 3166.5   

 

Table 19: ANCOVA of reduced glutathione against species, season and body size (E. bindal, E. setosus, 
E. sulcatus and E. suttoni) 

Source SS DF MS F P 

Species × Season 84671.2 6 14111.90 3.46 4.4×10-3 

Species 148107.4 3 49369.10 12.09 1.0×10-6 

Season 732309.8 2 366154.90 89.66 1.22×10-4 

Body Size 983.8 1 983.8 0.24 0.62 

Residual 314448.4 77 4083.7   

 

Table 20: ANCOVA of reduced glutathione against species, season and body size (E. setosus, E. sulcatus 
and E. suttoni) 

Source SS DF MS F P 

Species × Season 47850.7 4 11962.7 2.22 0.08 

Species 69773.5 2 34886.8 6.48 2.9×10-3 

Season 638429.8 2 319214.9 59.33 9.3×10-5 

Body Size 532.6 1 532.6 0.10 0.75 

Residual 301293.3 56 5390.2   
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Table 21: ANCOVA of reduced glutathione against species, season and body size (E. eungella, E. fleckeri 
and E. monteithorum) 

Source SS DF MS F P 

Species × Season 86301.7 4 21575.4 12.29 1.42×10-4 

Species 37598.1 2 18799 10.71 1.3×10-4 

Season 129620.9 2 64810.4 63.94 4.93 ×10-4 

Body Size 2172.1 1 2172.1 1.23 0.27 

Residual 87724.7 50 1754.5   

 

 

Figure 37: Mean reduced glutathione across each season, separated by species (weighted means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species 

 

While the scale of differences between seasons varies considerably between species (Figure 38) there is a 

‘typical’ pattern, seen in E. setosus, E. sulcatus and E. suttoni, where levels of reduced glutathione were 

highest in winter, lowest in summer and intermediate in autumn, reflecting an inverse of the typical 

temperatures in these seasons. Amongst these species the pattern was quite consistent as the interaction 

between seasonal effects and species was not significant (p = 0.08). Another pattern was seen in E. eungella, 

E. fleckeri and E. monteithorum, where lowest values were seen in autumn and winter values were 

intermediate. This group was not homogenous, however (p = <0.01) as levels varied very little between 

seasons in E. eungella, E. fleckeri but greatly in E. monteithorum. These results are quite similar to the 
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values found for total glutathione, which would be expected if reduced glutathione was a relatively constant 

fraction of total glutathione. 

Highest (if not significant in every species) mean levels of reduced glutathione were found in winter, and for 

four species it was lowest in summer. In one of the other three species (E. monteithorum) warm season 

reductions in reduced glutathione are clear, but in the other two species (E. eungella and E. fleckeri) there is 

actually little variation between seasons. The decreased levels of reduced glutathione in warmer seasons 

suggest the oxidation of glutathione, due to an increase in ROS formation in warmer seasons. 

 

Figure 38: Mean reduced glutathione between seasons in E. setosus, E. sulcatus and E. suttoni (weighted 
means ± s.e.).   
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OXIDISED GLUTATHIONE 

The ANOVA table (Table 22) indicates significant difference in oxidised glutathione concentrations across 

seasons (p << 0.01) and between species (p<<0.01), but also a significant interaction between the effects of 

species and seasons (p << 0.01). Body size however was not a significant factor driving variation in oxidised 

glutathione levels (p = 0.33). Levels for each species are plotted in figure 39. 

There was a high level of interaction between species and season on oxidised glutathione concentrations 

(p << 0.01) (Table 22). There were two potential groupings of response within the species, here. In E. bindal 

and E. fleckeri, oxidised glutathione concentrations were significantly lower in winter (p <<0.01) with 

limited variation in response between the species (p = 0.80) (Table 23). Another grouping was apparent 

between E. eungella, E. monteithorum and E. suttoni where oxidised glutathione also remained lowest in 

winter (p << 0.01), however the was significant variation between response (p << 0.01) (Table 24).  

Table 22: ANCOVA of oxidised glutathione against species, season and body size 

Source SS DF MS F P 

Species × Season 23373.55 12 1947.80 3.20 0.00049 

Species 14043.65 6 2340.61 3.84 0.0015 

Season 38367.74 2 19183.87 31.50 7.0×10-12 

Body Size 573.89 1 573.89 0.94 0.33 

Residual 79162.51 130 608.94   

 

Table 23: ANCOVA of oxidised glutathione against species, season and body size (E. bindal and 
E. fleckeri) 

Source SS DF MS F P 

Species × Season 60.27 2 30.14 0.22 0.80 

Species 59.98 1 59.98 0.43 0.51 

Season 21695.26 2 10847.63 78.58 3.6×10-3 

Body Size 195.51 1 195.51 1.42 0.24 

Residual 4831.90 35 138.05   

 

Table 24: ANCOVA of oxidised glutathione against species, season and body size (E. eungella, 
E. monteithorum and E. suttoni) 

Source SS DF MS F P 

Species × Season 5866.74 4 1466.69 4.89 1.8×10-3 

Species 4691.00 2 2345.49 7.83 9.7×10-4 

Season 31231.91 2 15615.95 52.12 1.6×10-3 

Body Size 152.92 1 152.92 0.51 0.48 

Residual 17379.32 58 299.64   
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Figure 39: Mean oxidised glutathione across each season, separated by species (weighted means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species.  

 

While the responses between all these species were not consistent between seasons (Figure 39), there was a 

clearly lower level of oxidised glutathione in winter for five of the seven species, excluding E. setosus and 

E. sulcatus. Between both groups of response within these species there were evident increase in oxidised 

glutathione concentrations from winter (Figures 40 and 41). Therefore, although the message is far from 

clear within oxidised glutathione concentration, it is clear that there is a minimal level of oxidised 

glutathione concentrations during winter, in comparison to the warmer seasons in E. bindal, E. eungella, 

E. fleckeri, E. monteithorum and E. suttoni. 

109 
 



  Chapter 5 – Evidence of stress in Euastacus 

 

Figure 40: Mean oxidised glutathione between seasons in E. bindal and E. fleckeri (weighted means ± s.e.).  

 

Figure 41: Mean oxidised glutathione between seasons in E. eungella, E. monteithorum and E. suttoni 
(weighted means ± s.e.).   
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GLUTATHIONE REDOX RATIO 

The ANOVA table (Table 25) indicates glutathione redox ratios differed significantly across seasons 

(p << 0.01) and between species (p<<0.01), but also a significant interaction between the effects of species 

and seasons (p << 0.01). Body size however was not a significant factor driving variation in glutathione 

redox ratio levels (p = 0.70). Levels for each species are plotted in figure 42. There appeared to be several 

groups of glutathione redox ratio responses. One group consisted of E. bindal, E. fleckeri, E. sulcatus and 

E. suttoni and demonstrated small glutathione redox ratios in winter compared to warmer seasons. In 

E. eungella and E. monteithorum a similar relationship, but less varied relationship was evident, while in 

E. setosus there was no change in glutathione redox ratio between seasons. 

From figure 40, it appears that E. bindal, E. fleckeri, E. sulcatus and E. suttoni were demonstrating similar 

variation in glutathione redox ratios between seasons. While significant differences in glutathione redox 

ratios existed between seasons (p <<0.01), significant variation in response between species remained 

(p = 0.01) (Table 26). In E. eungella and E. monteithorum the glutathione redox ratios were also significantly 

varied between seasons (p << 0.01), however there continued to be significant variances in response 

(p << 0.01) (Table 27). 

Table 25: ANCOVA of glutathione redox ratio against species, season and body size 

Source SS DF MS F P 

Species × Season 0.64 12 0.05 7.35 3.7×10-10 

Species 0.19 6 0.03 4.40 0.00046 

Season 1.04 2 0.52 72.09 1.4×10-21 

Body Size 0.001 1 0.001 0.15 0.70 

Residual 0.90 125 0.007   

 

Table 26: ANCOVA of glutathione redox ratio against species, season and body size (E. bindal, E. fleckeri, 
E. sulcatus and E. suttoni) 

Source SS DF MS F P 

Species × Season 0.162 6 0.027 3.01 0.01 

Species 0.10 3 0.032 3.61 0.02 

Season 1.103 2 0.55 61.43 4.4×10-16 

Body Size 0.002 1 0.002 0.19 0.66 

Residual 0.63 70 0.009   
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Table 27: ANCOVA of glutathione redox ratio against species, season and body size (E. eungella and 
E. monteithorum) 

Source SS DF MS F P 

Species × Season 0.06 2 0.03 11.99 1.110-4 

Species 0.06 1 0.06 22.71 3.4×10-5 

Season 0.26 2 0.13 51.31 3.4×10-5 

Body Size 8.4×10-5 1 8.4×10-5 0.03 0.86 

Residual 0.086 34 0.003   

 

 

Figure 42: Mean glutathione redox ratio across each season, separated by species (weighted means ± s.e.).  

Note: ‘*’ denotes significant difference relative to the other two seasons within each species.  

 

Figure 42 illustrates that lowest oxidative glutathione redox ratios occurred during winter in all species, and 

highest values are generally in summer at much higher values than the winter values (Figures 43 and 44). As 

chapter 3 and 4 demonstrated, an increase in the oxidative state (increasing away from 0 towards 1), has a 

negative effect on cellular processes. As such, the magnitude of change within the oxidative state 

demonstrates that, with the exception of E. setosus (where the same effect was apparent but rather weak), in 

all species, particularly E. bindal, E. sulcatus and E. suttoni, a breakdown in anti-oxidative process is 

occurring during summer and autumn, likely due to thermally-induced oxidative stress. 
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Figure 43: Mean glutathione redox ratio between seasons in E. bindal, E. fleckeri, E. sulcatus and E. suttoni 
(weighted means ± s.e.). 
 

 

Figure 44: Mean glutathione redox ratio between seasons in E. eungella and E. monteithorum (weighted 
means ± s.e.). 
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Physiological and Biochemical Response Calculation 

To demonstrate a response to seasonal variation in temperature, total responses were identified for each 

species. Within each response, a value was assigned in relation to the positive association with a stressor, as 

identified in Chapter 1 (see legend: Figure 28). These responses were then weighted against the ‘severity’ of 

the response, in terms of loss of fitness (Figure 29). 

Generally, responses that demonstrated physiological stress were noted across warmer seasons in most 

species, with decreases in muscle proteins, increased lipid peroxidation and negative changes to glutathione 

processes during warmer seasons (Table 28). Due to ambiguity in total haemocyte variation between species 

and season, the assay was removed from the calculation of physiological and biochemical response. 

The total stress values calculated from the physiological and biochemical response weighting indicate that 

overall, E. sulcatus, E. bindal and E. suttoni demonstrated the highest degree of negative change to the 

indicators in response to a change between winter and warmer seasons (Table 29 and Figure 45). 

Euastacus setosus, E. fleckeri and E. monteithorum followed closely in terms of stress response, while the 

lowest indicators of a stressful response to change in seasons, where observed in E. eungella. 

Table 28: Physiological and biochemical response between Euastacus 

Note: HP- Haemolymph Protein; MP- Muscle Protein; ML- Muscle Lipids; LPO- Lipid Peroxidation; 
PC- Protein Carbonyl; tGSH- Total Glutathione; rGSH- Reduced Glutathione; GSSG- Oxidised Glutathione; 
GSSG/GSH- Glutathione Redox Value. 

Species HP MP ML PC LPO tGSH rGSH GSSSG GSSG/GSH 

E. bindal 4 ? 0 0 4 ? 1 4 4 

E. eungella 0 ? 0 0 4 -2 ? 2 2 

E. fleckeri 4 ? 0 2 2 -2 ? 4 4 

E. monteithorum 0 ? 0 0 2 ? ? 4 4 

E. setosus 0 ? 0 2 4 4 4 ? 0 

E. sulcatus 4 ? 4 2 4 ? 4 0 4 

E. suttoni 0 ? 4 0 4 4 4 2 4 

Legend: Code Result Indicated  Score 

 – counter to expectation -2 
 o null    0 
 ? unclear or ambiguous  0 
 + weak positive*   1 
 ++ positive    2 
 +++ strong positive   4 
 
*  Note: positive is consistent with the hypothesis that the indicator provides evidence that the animal is under thermal stress. 
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Table 29: Tabulated weighted physiological and biochemical response between Euastacus with total 
indicator values. 

Note: Data from Table 28. Number in brackets after each assay indicates weighting used in multiplication of 
positive result of assay (Table 4). 

 Quantifiable Physiological Change 

Species HP 

(1) 

MP 

(1) 

ML 

(1) 

PC 

(4) 

LPO 

(4) 

tGSH 

(3) 

rGSH 

(3) 

GSSSG 

(4) 

GSSG/GSH 

(4) 

TOTAL STRESS 

LEVEL 

E. bindal 4 ? 0 0 16 ? 3 16 16 54 

E. eungella 0 ? 0 0 16 -6 ? 8 8 26 

E. fleckeri 4 ? 0 8 8 -6 ? 16 16 46 

E. monteithorum 0 ? 0 0 8 ? ? 16 16 48 

E. setosus 0 ? 0 8 16 12 12 ? 0 48 

E. sulcatus 4 ? 4 8 16 ? 12 0 16 60 

E. suttoni 0 ? 4 0 16 12 12 8 16 68 

 
 

 
Figure 45: Total stress values calculated from the summed product of indicator scores and weightings for 
each species.  
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5.6 DISCUSSION 
5.6.1 EVIDENCE OF STRESS RESPONSE IN WARMER SEASONS 

Indicators of metabolic stress 

Haemolymph protein decreased in warmer months within some species indicating increased consumption, 

however remained consistent with those indicated in lab and field-acclimated crayfish without evident stress 

responses (Chapters 3 and 4). Muscle protein concentrations had decreased by autumn and winter, 

suggesting a cumulative effect of metabolic stress throughout the warmer months, as evidenced in Chapter 3 

and 4. A similar trend was observed in Litopenaeus setiferus where a period of thermal stress decreased 

haemolymph protein (Pascual et al. 2003). The summer increase in total muscle lipids and muscle protein 

concentrations may have been due to increased food resource capacity via increased activity rates during 

summer (Flint 1977), however the decrease in both of these indicators by autumn suggest that throughout 

summer, both lipids and muscle may have been depleted through continual consumption (O'Connor and 

Gilbert 1969, Sánchez-Paz et al. 2006). As haemolymph protein concentrations decreased in some species 

during warmer seasons and increased in winter, the use of muscle protein and lipids may be a catabolic 

response to increase haemolymph protein back to ‘pre-metabolic stress’ levels (Sánchez et al. 2001, Pascual 

et al. 2003, Matozzo et al. 2011). However, due to the speculative nature of the findings in this thesis 

regarding muscle protein, they could not be directly linked to thermal stress. 

 

Indicators of oxidative stress 

Protein carbonyl concentrations were higher in warmer seasons than winter and directly indicate the presence 

of stress occurring under contemporary environmental conditions (Stadtman 1992, Droge 2002, Dalle-Donne 

et al. 2003). The increased levels of protein carbonyl are a direct result of increased ROS production and/or 

reduced anti-oxidant capacity. Due to the presence of increased protein oxidation in the warmer seasons, 

increased water temperature may have been responsible for increased oxidative stress, particularly when the 

increase was also evident in carefully-controlled thermally-stressed crayfish kept under stringent laboratory 

conditions (Chapters 3 and 4). 

In all species autumn and summer lipid peroxidation was elevated from winter levels. The pattern was 

observable in all species and, similarly to protein oxidation, was indicative of a reduced capacity for 

mitigating the oxidation of membrane lipids. Consequently, elevated values represent both the initiation of 

chain ROS reaction and additionally, and increased damage to cellular membrane lipids (Girotti 1985, 

Parihar and Dubey 1995, Niki 2009).  

Increased water temperature will increase ROS production and increase inter-cellular signalling, specifically 

in regard to non-enzymatic and enzymatic ROS scavenging systems (Imlay 2003). Total glutathione 
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concentrations were significantly decreased during warmer months. As total glutathione concentrations acted 

inversely as a protective system (i.e. it decreased in concentration instead of increasing), a reduction in the 

efficient and protective potential was apparent in the warmer months. As oxidised glutathione concentrations 

increase, reduced glutathione will slowly be exhausted, causing an upregulation in glutathione synthesis (due 

to negative feedback inhibition), until the limiting agent in synthesis, glutamate cysteine ligase, is exhausted 

(Lu 2013).  Reduced glutathione is conjugated with ROS to form glutathione disulphide before either 

reduction by glutathione reductase or export by glutathione transferase at a rapid rate; therefore an increased 

level of ROS attack indicates a reduction in the capacity of the glutathione reductase enzyme to efficiently 

separate conjugated glutathione (Gutteridge 1995). Therefore the decreased level of reduced glutathione 

observed in the warmer months demonstrates that there was a breakdown in glutathione recycling during 

summer and autumn. The cause of this disparity may have been a shift in enzymatic reduction of glutathione 

disulphide to the export of the conjugate from the system (Gutteridge and Halliwell 1990). As reduced 

glutathione concentrations (i.e. the active form of glutathione) decreased significantly in summer in most of 

the tested species, this appears to be a further evidence of an inadequate protective response in the crayfish. 

Higher oxidised glutathione levels (i.e. the inactive form of glutathione) were observed in both summer and 

autumn than winter, and could be linked to an increase in oxidative strain due to seasonal stress (Sagara et al. 

1998). As oxidised glutathione is rapidly turned over to ensure efficient removal of ROS from the system, an 

increase in oxidised glutathione indicates a breakdown in, or exhaustion of, glutathione processing, and, in 

line with changes to total and reduced glutathione concentrations observed, indicates inadequate protective 

response.  

Further evidence of a shift in the glutathione variables was demonstrated by increases during summer and 

autumn in the oxidation state of the glutathione redox ratio in most species. While the scale of shifts were not 

equal in terms of magnitude of the ratio in each species, the significant increase in oxidation state from 

winter  to warmer seasons indicates a breakdown in protective responses to a stressor (Schafer and Buettner 

2001). At higher ratios, quantified in E. sulcatus, E. suttoni, E. bindal and E. monteithorum, other cellular 

processes may also be disrupted, as a ‘more-reduced’ redox state of the cell is necessary for several 

processes (Meister and Anderson 1983, Schafer and Buettner 2001, Lu 2013). 

Evidently, the lowest stress was found in all species in winter. The low level of thermal stress indicators 

correlates with low water temperature and is in accord with the poikilothermic nature of these animals and 

their limited behavioural capacity or opportunity for thermal regulation. It seems likely that decrease in water 

temperature is the principal factor in the decrease in stress response in the cool season, however likely works 

in conjunction with a decrease in other stresses such as growth and reproduction. It would also appear that 

there is a large degree of crossplay between elevated metabolic indicators during the warmer months, 

specifically in regard to the potential for cumulative, chronic metabolic disruption, coinciding with growth. 

In regard to oxidative stress, it is apparent that in the warmer seasons deleterious effects are present in most 
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of the crayfish, with limited differences in the magnitude of response between autumn and summer. It is 

evident overall that there are ‘costly’ responses being elicited in the warmer seasons and of critical 

importance, anti-oxidant processes do not appear to have the capacity to maintain baseline homeostasis, and 

increased deleterious effects of ROS formation in warmer seasons are under-controlled in most species.  

 

5.6.2 GENERAL SUMMATION FOR EACH SPECIES 

5.6.2.1  EUASTACUS BINDAL 

Haemolymph protein concentrations were significantly lower in both autumn and summer than winter in 

E. bindal, suggesting that there was either a physiological response to a stressor in warmer seasons or 

consumption for growth. However, this was not demonstrated in muscle protein concentration, where 

significantly elevated concentrations were observed in summer before concentrations decreased in autumn, 

potentially indicating chronic catabolism. This follows the trend displayed by E. fleckeri, E. sulcatus, 

E. suttoni and E. eungella, and could be linked to an increase in foraging success during summer with 

increased metabolic consumption (presumably for increased activity, growth or other stress) in autumn, 

while muscle lipids remained relatively unchanged between seasons. 

Oxidised protein concentrations varied little between seasons however increased oxidation of membrane 

lipids was evident in both summer and autumn in E. bindal were present. This illustrated inadequate ROS 

scavenging systems in warmer seasons as a consequence of significant deleterious changes to the glutathione 

cycle. Total glutathione concentrations were higher in winter than either autumn or summer and, along with 

lower reduced glutathione and increased oxidised glutathione in autumn and summer, indicated reduced 

oxidant scavenging capacity. Changes to the glutathione redox ratio between autumn, winter and summer 

clearly demonstrate the presence of stress in E. bindal during warmer seasons. The 8-fold magnitude of 

change in oxidation state of glutathione between winter and summer indicates a severe inhibition of 

glutathione recycling and subsequent ROS scavenging with the likelihood of inadequate protection from 

oxidative stress.  

The overall difference in biochemical and physiological state between winter and summer, coinciding with a 

3.1°C difference in temperature, provides evidence that the species is under some contemporary warm 

season stress and also a clear disparity between pro-oxidant and anti-oxidant systems, indicating a shift 

towards cellular damage. This indicates that E. bindal has limited protective capacity against stress and is 

currently experiencing deleterious effects which could be attributed to a thermal stressor. 
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5.6.2.2  EUASTACUS EUNGELLA 

Significantly elevated levels of muscle protein were evident in E. eungella during summer and suggest, as 

above, that increased foraging capacity was offsetting any metabolic cost of response to increased 

temperature. However in autumn, decreased muscle protein concentrations indicated chronic metabolic use 

of muscle protein. There was no significant difference in muscle lipids or haemolymph protein between 

seasons suggesting that muscle protein may have been utilised to maintain, at minimum, optimal 

haemolymph protein concentrations.  

In warmer seasons, relative to winter, an increase in lipid oxidation products was found, however minimal 

variation between protein oxidation was evident between seasons. Additionally, variation was evident in 

glutathione responses. Total glutathione did not vary between seasons while reduced glutathione 

concentrations were increased from autumn to the cooler winter. Oxidised glutathione concentrations did 

increase in warmer months, indicating a costly but adequate response potentially limiting the deleterious 

effect from the thermal stressor. Driven by significant increases in overall oxidised glutathione concentration 

in both summer and autumn, the glutathione oxidative state was significantly increased. This change in state 

suggests that the glutathione processes were challenged but had adequate ROS scavenging capacity to 

prevent deleterious cellular changes. 

Overall, responses in E. eungella suggest limited evidence of increased stress levels in warmer seasons. The 

habitat of the species had only small variations in temperature from winter to summer and the evidence of 

stress impacts and responses in this species suggests that warm season stress is only modest. 

 

5.6.2.3  EUASTACUS FLECKERI 

In this species muscle protein levels were significantly elevated in summer with evidence of depletion in 

autumn, while haemolymph protein levels were low in both autumn and summer, which suggest that overall 

there was a marked increase in the uptake of resources in summer, where after chronic catabolism occurred. 

With warmer water temperature during autumn and summer, there was an increase in initial oxidation of 

cellular lipids, and this coincided with a significant increase in oxidation of proteins compared to winter, 

demonstrating the presence of a stressing agent and insufficient anti-oxidant activity in warmer months. 

Total glutathione did not change between seasons, indicating adequate circulating concentrations of reduced 

and oxidised form glutathione and limited disparity between glutathione synthesis, recycling and conjugated 

glutathione export. The adequacy of glutathione recycling in E. fleckeri was further demonstrated by the 

minimal variation in reduced glutathione between seasons. However, oxidised glutathione concentrations 

were significantly raised during warmer months, indicating increased ROS formation and hence, the 

presence of a stressor, possibly thermal. While the glutathione process in E. fleckeri was adequate in terms of 
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function, an increase towards an oxidative state in the glutathione redox ratio during warmer months 

indicates potential deleterious effect of a stressor. Oxidised glutathione was significantly lower in winter than 

the warmer seasons, and the glutathione redox ratio was more ‘reduced’ in winter, further demonstrating the 

extent of oxidative stress in this species in higher ambient water temperatures.  

From the quantified physiological and biochemical responses, it appears that E. fleckeri is currently 

experiencing stressful conditions in the warmer months (i.e. autumn and summer), and appears to be 

experiencing a prejudicial effect of a stressor, potentially thermal in nature. 

 

5.6.2.4  EUASTACUS MONTEITHORUM 

In common with the crayfish discussed above, E. monteithorum displayed an increase in muscle protein 

concentrations during summer and decreased levels in autumn and winter. There was no statistical difference 

in total lipids or haemolymph proteins across the seasons, which, suggests adequate metabolic resource for a 

protective response to increased water temperatures and no evidence of net metabolic depletion in the 

warmer season.  

While lipid oxidation in E. monteithorum increased in warmer seasons, oxidation of proteins was not 

significantly elevated between seasons, indicating that cellular ROS scavenging capacity was adequate but 

not fully effective in mitigating oxidation. Concentrations of protein carbonyls in E. monteithorum were 

moderately elevated during autumn and summer and only indicate limited inhibition of ROS scavenging; a 

situation similar to protein oxidation in E. bindal. Total glutathione concentrations were lowest in warmer 

months suggesting breakdown inadequacy of glutathione recycling and increase in conjugated glutathione 

export. Significant decreases in reduced glutathione during warmer seasons further indicate increased 

oxidation products and some inadequacy in glutathione recycling. Deleterious glutathione changes in warmer 

seasons complement the increase in pro-oxidation systems, particularly 4 to 5 fold increases in oxidised 

glutathione and the significant increase in the oxidation state indicated by the glutathione redox ratio.  

There was only a very small difference between winter and summer water temperatures (1.6°C) in the habitat 

of this species, so even the small changes in biochemical and physiological state found here suggests this 

species has only limited capacity to respond to current levels of thermal stress and that the observed 

responses are not fully effective in responding to the thermal stressor. 
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5.6.2.5  EUASTACUS SETOSUS 

In common with all other species of crayfish in this study, muscle protein concentrations in E. setosus were 

significantly elevated in summer relative to both autumn and winter. Haemolymph protein concentrations did 

not significantly vary between seasons nor did total lipids, which indicates that muscle protein may have 

been liberated to supply metabolic requirements, which were lowered in autumn and winter.  

Oxidation of cellular membrane lipids and proteins occurred in summer and autumn, demonstrating some 

inadequacy in ROS scavenging in these seasons. The glutathione variables however, were significantly 

decreased during the warmer seasons, although the actual scale of change was minimal. Lower total 

glutathione concentrations and reduced glutathione levels during summer suggest an inhibition of glutathione 

synthesis. Oxidised glutathione concentrations and glutathione redox ratios varied little across seasons and 

suggest that, alongside lowered reduced glutathione concentrations, active transport of the glutathione 

disulphide may have been at a greater rate than glutathione reduction, effectively maintaining a reduced 

glutathione redox ratio across seasons. Increases in lipid peroxidation and protein carbonyl concentrations in 

summer and autumn suggested a reduction in anti-oxidant capacity. While the glutathione variables in 

summer were slightly disrupted, in terms of decreased total and reduced glutathione concentrations, there 

was limited evidence of increased oxidation and any trend towards an oxidative redox state.  

In comparison to the other freshwater crayfish in this study, it appears that E. setosus in its current habitat is 

experiencing limited levels of thermal stress during warmer seasons.  

 

5.6.2.6  EUASTACUS SULCATUS 

Haemolymph protein concentrations were significantly elevated in summer. The same pattern was also 

present for muscle protein and total muscle lipids, indicating improved nutrition; however chronic depletion 

of these indicators were evident in autumn suggesting metabolic stress.  

Pro-oxidation products increased significantly in summer in E. sulcatus. Specifically, both lipid and protein 

oxidation were increased, signalling an increase in stressor and decrease in the capacity for ROS scavenging. 

This was associated with a decrease in total glutathione in summer and autumn, itself indicative of a 

reduction in the capacity for ROS scavenging. Showing the same pattern as to total glutathione 

concentrations, reduced glutathione concentrations were also lower in summer and autumn signalling a 

disparity in synthesis and consumption of the reduced form for ROS scavenging. Interestingly, oxidised 

glutathione levels varied little between seasons, demonstrating that there was consistent ROS scavenging and 

glutathione disulfide removal during all seasons. The glutathione redox ratio was more oxidised in summer 

and was driven by the diminished level of reduced glutathione. 
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Overall, E. sulcatus demonstrated several physiological and biochemical indicators potentially attributable to 

thermal stress linked with summer. The physiological and biochemical assays give evidence for increased 

stress at warmer temperatures. While the glutathione redox ratio did not reach the level observed in the 

stressed field-acclimated E. sulcatus (chapter 4), it does however clearly demonstrate a stress response at 

temperatures lower than those which caused a stress response in lab-acclimated E. sulcatus. Therefore, it 

seems clear that these populations of E. sulcatus are currently experiencing moderate to higher stresses in 

warmer seasons. 

  

5.6.2.7  EUASTACUS SUTTONI 

In E. suttoni muscle protein concentrations and muscle total lipids were significantly elevated during 

summer. There was no significant change in haemolymph protein concentrations between seasons, 

suggesting that muscle protein may have been liberated to maintain haemolymph protein concentrations, as 

demonstrated previously in E. fleckeri and E. sulcatus.  

Lipid oxidation products were elevated in warmer seasons while protein oxidation was not significantly 

elevated. High summer protein carbonyl concentrations suggest appreciable oxidative challenge yet were not 

significantly raised relative to the other seasons. As such, while insignificant in terms of elevation between 

seasons, the protein carbonyl concentration requires noting, especially when the disruption of the glutathione 

variables in summer is noted, illustrating an inadequacy in this anti-oxidant system and an increase in 

oxidant damage. Total glutathione concentrations were low in summer and this decrease coincided with a 

decrease in reduced glutathione and an increase in oxidised glutathione. These changes demonstrate a shift in 

glutathione reductase activity to export of the glutathione conjugate. This shift was mirrored in the increase 

of the oxidation state of glutathione in E. suttoni during summer.  

Changes in physiological and biochemical state occurred in summer and are indicative of the presence of a 

stressor in summer. There was a large deviation in water temperature (7.6°C), between winter and summer 

and it appears that, similar to E. sulcatus, E. suttoni is experiencing summer temperatures that exceed its 

optimal range and constitute a potential thermal stress under contemporary temperatures in it habitat.  
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5.7 CONCLUSION 
This current study set out to detect evidence of thermal stress associated with (or caused by) increased water 

temperatures during warmer months, in seven species of freshwater crayfish from the genus Euastacus. The 

minimally-intrusive suite of assays (see Intrusiveness of Sample Collection, Chapter 2) enabled testing of 

critically-endangered species of the genus without sacrifice or evident loss of fitness, as concluded from 

previous monitoring of closely related crayfish after haemolymph and muscle sampling which verified the 

limited effect of handling and sampling. 

The data presented here suggest that different patterns of response were exhibited between Euastacus species 

within this study. Several species are potentially experiencing thermal stress responses during warmer 

seasons of the year; notably moderate to high stress is endured in summer by the highly-restricted species 

E. bindal, E. setosus and E. monteithorum. Additionally, some of the highest levels of stress indicators in the 

study were observed in E. fleckeri, the habitat of which has the lowest water temperature differences between 

winter and summer suggesting critically limited capacity for withstanding further increases in ambient 

temperatures. Therefore, any increase in environmental temperature may increase the prejudicial effect or 

exceed the physiological and biochemical capacity for mitigation of thermal stress within these species. 

This study demonstrates that these highly-restricted species may already be under stress from normal 

seasonally high ambient temperatures, and although they tolerate their current thermal regimes, may have 

little or no capacity to tolerate increased temperature; thus they are faced with a bleak future in an 

increasingly warm climate. It is evident that these crayfish have no further opportunity for dispersal to 

‘escape’ the prejudicial effects of an increasingly thermally stressful environment and the continued survival 

of these seven Euastacus species is doubtful, over varying timeframes: this matter is considered in the next 

chapter of this thesis. 

This work also has similar implications for other Euastacus species that are limited to mountain-top refuges. 

Due to the similarity in habitats across the range of Euastacus in Queensland, in which they are generally 

restricted to higher-altitude habitat, it would be expected that most, if not all, would exhibit the same 

responses to warmer seasons that were demonstrated in most of the species within this study.  
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Chapter 6: EUASTACUS AND FUTURE CLIMATE CHANGES 

6.1 CHAPTER RATIONALE 
This chapter provides insight into the potential future effect of anticipated climate change on the seven 

species of Euastacus (E. fleckeri, E. bindal, E. eungella, E. monteithorum, E. setosus, E. sulcatus and 

E. suttoni), in order to provide reliable information to guide the development of management strategies 

for the endangered species. Results from the previous chapters (chapters 4 and 5) have demonstrated that 

several of the Euastacus species are presently enduring potential thermal stress in their normal 

environment, either in the warmer part of the year and/or in the lower (i.e., warmer) part of their 

altitudinal range. Due to the geographical separation of these species (1,500 km from most northerly to 

southerly species), it is anticipated that there may be some difference in the trends of weather changes in 

the region surrounding each habitat of the crayfish. Due to the restriction of the habitat of these Euastacus 

(with the exception of E. suttoni) to high elevation, the similarities between climate zones probably 

outnumber the differences. Noting this, however, the tropical zones may undergo several key changes, 

notably a longer warm season and more reliably dry season, in comparison to sub-tropical changes 

attributable to climate change. This chapter seeks to elucidate these potential future impacts on each 

species of Euastacus.  
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6.2 ABSTRACT 
Future climatic changes, even under conservative projections, are likely to have a major effect on 

freshwater systems, and subsequently, associated fauna and flora. Continental eastern Australia will 

experience various meteorological changes across climatic regions, resulting in both winners and losers in 

response to these changes. Overall viability of species, especially those with spatially-restricted 

distributions, may be threatened if environmental changes, specifically if these changes are outside 

evolutionary-adopted thermal limits.  

Several of the Euastacus species studied here provided evidence of stress, probably thermal in source, 

under current environmental conditions, as demonstrated by higher levels of stress indicators in summer. 

Increases in environmental temperature will likely increase the prejudicial cost of increased protective 

responses in most, if not all species studied here. For these species, climate change will create extinction 

pressures with the real potential for extinctions for severely-restricted distribution species. Of these 

species, it appears that E. bindal, E. monteithorum and E. setosus are most at risk of extinction while 

E. eungella has the least risk associated with increased stresses attributable to climate change. While 

current management practices provide adequate protection for these species under current environmental 

conditions, deteriorating environments will increase pressure on these species and, while little may be 

practicably done about regional temperatures, minimisation of all other threats to the species will be 

essential. This will require vigorous educational programmes and, in some cases social adjustments in 

order to reduce anthropogenic impact acting alongside climate change impacts. 

 

6.3 INTRODUCTION 
Freshwater systems and associated organisms are expected to be heavily impacted by increases in future 

environmental temperatures (Allan et al. 2005, Richman et al. 2014). Freshwater crayfish are 

poikilothermic and so have limited capacity for thermal regulation, other than behavioural regulation and 

physiological adaptation (Lowe et al. 2010, Bone et al. 2014b). The crayfish used throughout this study 

(Euastacus spp.) have Gondwanan refugial distributions and as such, an evident propensity for cooler 

conditions. The high level of speciation within Queensland also indicates that populations are readily 

isolated by intervening inhospitable terrain (Ponniah and Hughes 2004, Shull et al. 2005).  

Somero (2005) speculates that a historical decrease in the spectrum of tolerance to heightened 

temperature will occur in response to an evolutionary adoption of specific thermal niches. Therefore, a 

limitation of plasticity in response may appear due to historical adaptation to stable thermal environments, 

and species within genus Euastacus, may have adapted to smaller thermal niches with a smaller 

temperature range and show less tolerance of temperature variations than species from higher latitudes 
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where larger annual temperature ranges are prominent, before other sub-tropical or temperate species, 

where large temperature variations are apparent. 

The composition of many ecosystems was determined by past climates and understanding today’s 

biogeography may require understanding of past climates. Many organisms may currently exist in 

restricted, unsuitable habitat surrounded by inhospitable terrain as they have not been able to move to 

suitable habitat with climatic changes and had evolved to suit preferences, tolerances, locations and 

habitats associated with a cooler climate. Ponniah and Hughes (2004) demonstrated a shift by Euastacus 

species in Queensland to cool refugia in response to past climate changes: it seems likely that further 

changes will further restrict, and in many cases threaten, these species. It is anticipated that future change 

may be at a rate much higher than that which those ecosystems have experienced in the past (Settele et al. 

2014) and these effects are generally expected to reduce populations and viability of some species (‘the 

losers’), and this will be especially evident in populations where limits to dispersal are thermally-derived 

(Dubey and Shine 2010, Settele et al. 2014). Indeed, for many species, across the globe, climate change is 

expected to be a powerful stressor, especially in high-altitude freshwater systems, and will exacerbate 

other, current pressures on biodiversity (Hauer 1997, Woodward et al. 2010). While climate change may 

eventually  cause deleterious to a vast array of ecosystems, some invertebrates may gain from heightened 

temperatures in regard to growth and reproduction (Hogg and Williams 1996). 

 It seems very likely that, as indicated by Furse and Coughran (2011b), forthcoming climate change 

effects will have a negative effect on a number of Euastacus species in Queensland. Any evolutionary 

adaptation to temperatures nearing thermal limits and rising at a rate that may be unprecedented in the 

evolutionary experience of the species will require strong selection (Addo-Bediako et al. 2000), and this 

will likely result in large reductions in abundance. Severely geographically-restricted species, such as 

E. bindal, E. monteithorum and E. setosus (each with EOO: <10 km2, (Coughran and Furse 2010b) will 

suffer extinction pressures; i.e. large reductions in populations size and risk of extinction from severe 

stressing agents deriving from unfavourable conditions (Settele et al. 2014). It should be noted however, 

that the presence of a strong stressor (in this case, temperature) acting as a selecting agent will, if 

prejudicial impacts can be managed in some individuals, lead to heightened tolerance of the stressor.  

Specifically, limited-mobility species may experience an increase in extinction pressures due to limited 

dispersal options (Pearson 2006). As these crayfish species are restricted to high-altitude habitat with 

unsuitable intervening habitat, they are the epitome of a limited-mobility species and have the potential 

for inescapable impact from various overlapping stressors. The extent of occurrence of the species in this 

study is generally limited and contributes heavily to the IUCN status of each species. Notably, E. bindal, 

E. monteithorum and E. setosus have distributions less than 10 km2 and are critically endangered, in part 

due to an extremely restricted distribution and subsequent small population sizes (IUCN 2011). While 

protective legislation is in place for Euastacus in Queensland, there is a high degree of evidence of 
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poaching of these species (Coughran and Furse 2010b), especially considering the highly coloured nature 

of these organisms (see Appendix II, Figures 1-13) and the relative ease of access to the habitat of most 

species.    

The link between climate change and increased incursion from invasive species, or currently parapatric 

species, may also amplify the thermal impact of climate change (Rahel et al. 2008). According to Somero 

(2005) biological interactions may have a synergistic effect on  physiological tolerance in relation to the 

effect of environmental stress, i.e. such interactions may further exacerbate future temperature stress on 

Euastacus. Like almost all species these interactions in Euastacus are understudied. Overall, climate 

change projections indicate that environmental shifts will lead to increased extinction risk for freshwater 

systems through shifts in key habitat (i.e. away from optimal environmental conditions) (Allan et al. 

2005). As these Euastacus species are restricted to limited areas of suitable habitat, separated by large 

distances of unsuitable habitat, the effect of geographic relocation of optimal habitat will be an additional 

impediment to adaptation for species existing in mountain-restricted refugia (Settele et al. 2014). A loss 

of ecosystem services provided by Euastacus, as an exemplified by the role of E. sulcatus as an 

ecosystem engineer (Furse 2010), may result leading to further reduction in ecosystem value of these 

habitats. 

This chapter considers the general effect of anticipated future increases in environmental temperature on 

the Euastacus studied in this thesis, in context of the interplay between current physiological and 

biochemical responses, distribution extents, anthropogenic interaction and conservation measures.   
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6.4 MATERIALS AND METHODS 
Extent-of-occurrence data was retrieved from the “Report prepared for the global species conservation 

assessment of crayfishes for the IUCN Red List of Threatened Species”, which reports an assessment of 

Euastacus species against IUCN Red List Criteria (Coughran and Furse 2010b). In order to gain insight 

into projected climate change effects within the region of each species, the distributions of each species 

were then matched against corresponding climate zones. The climate zones were gauged using, average 

daily mean temperature, major seasonal rainfall zone and major climatic zone classifications from the 

Australian Government Bureau of Meteorology (Figure 46). For each of the species, ‘total response 

values’ (Chapter 5) were then retrieved to allow inferences between physiological and biochemical 

responses of each species to be made. 

 

Figure 46: Climate zones of Australia based on mean daily temperature, major seasonal rainfall and 
modified Koeppen classification (data sourced from BOM 2015a, BOM 2015c, BOM 2015b).  

Note: Red arrows indicate relative locations of ‘tropical’ species: E. fleckeri and E. bindal; black arrows 
indicate relative locations of ‘sub-tropical species: E. monteithorum, E. setosus, E. sulcatus and 
E. suttoni. 
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Trends of climate change were then accessed using the IPCC 5 (2014) Report. General predictions were 

collected from the sections ‘Freshwater Resources’ (Jimenoz Cisneros et al. 2014); ‘Terrestrial and 

Inland Water Systems’ (Settele et al. 2014); and ‘Summary for Policymakers’ (IPCC 2014). Australia-

specific trends were retrieved from the ‘Australasia’ section of the report (Reisinger et al. 2014). 

To assess protection status under statutory law; land types across each species’ distribution were initially 

assessed. Land use within the distribution was assessed as; National Park, World Heritage area, State 

Forest or private property. Respective legislation for each land type was then accessed to indicate 

protection status of fauna within the area and if applicable, protection specific to Euastacus.  
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6.5 RESULTS 
6.5.1 CURRENT EXTENT OF OCCURRENCE AND IUCN STATUS 

Within this study, those species of Euastacus with smaller distributions were given the highest 

vulnerability status (critically endangered) of the IUCN red list status; mainly due to this factor 

(Coughran and Furse 2010b, IUCN 2011). With the exception of E. eungella, the critically endangered 

species (E. bindal, E. setosus and E. monteithorum) have severely-restricted extent of occurrences in 

comparison to E. fleckeri, E. sulcatus and E. suttoni with distribution of extent reaching in excess of 

1,000 km2 (Table 30). Logically, those species with larger extent of occurrences will have a greater 

capacity to mitigate species-wide effects of climate change; however these species are not found 

throughout their reportedly large distributions and their habitat is quite fragmented within their overall 

range, suggesting that future effects, although perhaps less critical than for the limited-distribution 

species, will still have the capacity for species-wide effects. Given that the key threats to all these species 

(with the exception of E. suttoni) are (a) changes to habitat structure and (b) exploitation, those species 

with smaller distributions (i.e. E. bindal, E. eungella, E. monteithorum and E. setosus) evidently face a 

real risk of extinction as a result of anticipated future environmental changes. 

Table 30: Extent of distribution for Euastacus of interest to this study (Morgan 1988, Coughran and Furse 
2010b, IUCN 2011). 

Note: EN - Endangered; CR – Critically Endangered; VU – Vulnerable. Species have been listed along 
northerly-southerly distribution of species.   General climatic regions derived from Australian 
Government Bureau of Meteorology (BOM 2015b).  

Species Extent-of-Occurrence (km2) IUCN Status General Climatic Region 

E. fleckeri < 1,000 EN Tropical 

E. bindal < 10 CR Tropical 

E. eungella < 100 CR Sub-Tropical 

E. monteithorum < 10 CR Sub-Tropical 

E. setosus < 10 CR Sub-Tropical 

E. sulcatus ~ 8,000 VU Sub-Tropical 

E. suttoni < 20,000 VU Sub-Tropical 
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6.5.2 CURRENT EFFECTS  

Through the variation in biochemical and physiological assays between cooler and warmer seasons there 

is an indication of a prejudicial effect of both response and stressor in some Euastacus species; in 

E. eungella it appeared the responses were minimally prejudicial (i.e. overall protective) (Table 31). The 

responses in E. eungella indicated limited variation in response and maintenance of a low oxidised 

glutathione redox ratio and limited oxidant product formation in both species indicate the adequacy in 

response (Chapter 5). Therefore, it is inferred that this species is currently demonstrating a response that 

is limiting the prejudicial effect of the stressor without having an increasingly prejudicial effect of 

response on the organism; as was demonstrated in the other species in the previous chapter.  

Table 31: Summary of response to stress between Euastacus species (data from Chapter 5).  

Note: species have been listed along northerly-southerly distribution of species.   

Species Stress Response value 

E. fleckeri 46 

E. bindal 54 

E. eungella 26 

E. monteithorum 48 

E. setosus 48 

E. sulcatus 60 

E. suttoni 68 

 

6.5.3 FUTURE EFFECTS 

Under conservative projections of future climate change (increases in mean air temperature up to 2100 of 

0.5 – 1°C, RCP 2.6; IPCC 2014)  the effects on these species of Euastacus could be presumed to be minor. 

However, previous testing on E. sulcatus (Bone et al. 2014b) indicated that there was minimal differential 

(4°C) between current environmental temperatures and thermal maximum. As the westerly extent of this 

species demonstrated one of the larger water temperature deviations between winter and summer water 

temperature compared to other Euastacus in this study, it is not unreasonable to presume Euastacus 

species with less deviations may not have less differential between temperature thresholds, as such 

making them vulnerable to even conservative projections in temperature increases. 

 More likely scenarios (extrapolated present trends or consensus estimates of ensembles of models) 

suggest larger increases in air temperature up to the year 2100 (3–4°C, RCP 8.5;  IPCC 2014), and changes 

of this magnitude are expected to impair all populations of these Euastacus. Temperature increases in line 

with projections above the conservative estimate will impact all species in this study from 2050 to 2100. 

It would be expected that the species with the smaller distributions and a higher stress response value 
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(E. bindal, E. monteithorum and E. setosus) will be first or most threatened by such temperature changes, 

which could lead to disruption in populations, further restrictions in distributions and localised (and 

therefore global) extinction. As these crayfish provide valuable services in anthropogenic water-use 

catchments (Furse 2010), a reduction in or loss of population may well amplify climate change effects 

downstream, specifically in terms of water quality.  

This relatively simplistic analysis of climate change effects, however, does not include the ‘real’ risk of 

more diverse future environmental changes: it ignores the synergistic effect of present stressors 

interacting with  future climate change and extreme weather events, specifically increased frequency and 

magnitude of heat waves (Reisinger et al. 2014). There is evidence, notably in the extinction of the white-

form Lemuroid Possum (Parmesan et al. 2011), of minimal differential in temperature thresholds in high-

altitude organisms in regard to extreme heatwaves: any increase in frequency and magnitude may drive a 

local (and for highly restricted species, global) extinction of the species before prejudicial effects of an 

increased average environmental temperature are realised.  

These effects will be demonstrated in all species under study, to some degree, but especially those 

possibly exhibiting stressful responses to higher temperatures in their current environmental conditions. 

Generally, instances of extreme heat and steadily increasing environmental aquatic and air temperature 

may affect all species as the capacity for their cool streams to buffer against thermal increases will 

decrease. Local meteorological records indicate that air temperatures can exceed 30°C while dewpoint 

rarely exceeds 24°C and is frequently below 20°C in the warm season: a degree of evaporative cooling is 

possible. As such, evaporative cooling will not be adequate to protect against an increase in ambient air 

temperature. Furthermore, normal biological interactions, such as defensive and foraging activity may be 

impaired in Euastacus as a result of warming of their currently cooler, fast-flowing streams. 

Generally, tropical and subtropical rainforests will be subject to longer dry spells, which may reduce 

surface water, increasing the effect of warming on higher altitude streams (Settele et al. 2014). 

Specifically as mountain-top forests lose water by seepage into the catchment, the habitat of the 

Euastacus in this study (except E. suttoni), will at least in part incur longer drying periods. As such, a 

reduction in surface water will still impact Euastacus which inhabit wet subtropical regions. In tropical 

zones (the habitat of E. fleckeri and E. bindal) an increase in tropical cyclone intensity are expected. The 

effect of increased high volume and flow hydrology in these environments will further exacerbate any 

thermal stress by causing localised physical disruption of the environment as well as increasing the 

likelihood of population reductions through mass mortality events, such as those observed in 

E. valentulus in south-east Queensland (Furse et al. 2012b). It was reported by Furse et al. (2012b) that 

several hundred crayfish (E. valentulus) were killed during a single, high intensity rainfall event, and it 

was concluded that these events would be of particular significance to highly-restricted freshwater 

crayfish; such as those in this study.  
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6.5.4 CURRENT LEGISLATIVE PROTECTION 

In context of distribution, E. bindal, E. monteithorum and E. setosus all fall within the confines of 

National Park protected areas, while the distribution of E. eungella spans both National Park and State 

Forest. Under federal legislation all Euastacus are protected, however State Forest areas are utilised as 

timber reserves so have there is an increased chance of detrimental habitat modification. Additionally, 

State Forest boundaries can be changed without federal interjection subsequently the environment can be 

modified around the crayfish. Euastacus fleckeri has a distribution located wholly within the Wet Tropics 

World Heritage Area while the species with large areas of occupation (E. sulcatus and E. suttoni) have 

distributions that extend over both National Parks and private property. All of the species studied here are 

currently protected to at least some degree by legislation. Under Fisheries legislation (Fisheries Act (Qld) 

1994), all Euastacus in Queensland are considered a no-take species; i.e. it is not permissible to take, 

keep, interfere with or use a protected organism (DAFF 2008). Euastacus fleckeri  is further protected by 

Wet Tropics World Heritage legislation; decreeing all forest products (including animals) protected 

against destruction (WTMA 1998). National park legislation also states that all Euastacus species in 

Queensland are protected under no-take regulations as rare or threatened species under both the Fisheries 

Act 1994 and the Nature Conservation Act 1992 (EPA 2014).  
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6.6 DISCUSSION 
Each of the Euastacus species in this study will experience differing effects of future environmental 

changes. Adaptation within the physiological capacity of these species may allow them to live with the 

prejudicial cost of the initial effects of environmental changes (Settele et al. 2014), however they will be 

hampered in the future by the fragmentation of populations and subsequent lack of opportunity for gene 

exchange and thus spread of advantageous gene combinations. Specifically, the long generation time of 

Euastacus bispinosus and E. sulcatus (Honan and Mitchell 1995a, Furse and Wild 2004), and by 

extension all the Euastacus under study here, will limit their pace of evolutionary adaptation to changing 

climatic conditions. The ultimate effect on each species may differ in magnitude according to their 

current geographic distribution, physiological and biochemical response to temperature and functional 

protective legislative measures. Settele et al. (2014) noted that extinction risk from climate change is 

strongly dependent on interactions between physiological tolerance and the nature and extent of regional 

climate change. The results of this study suggest some differentiation in species-specific risk of extinction 

due to climate change within the genus Euastacus. 

Climate modelling provides high confidence in projections of future increases in temperature and extreme 

weather events in tropical areas (Settele et al. 2014). Additionally, tropical species experience limited 

climate variability and subsequently are likely to have narrow thermal limits and refugial species may 

already be near the upper limit of thermal tolerance (Ghalambor et al. 2006). Physiological and 

biochemical analysis here found that both E. fleckeri and E. bindal have a potential physiological and 

biochemical response to temperature variation between seasons, with prejudicial effects in warm seasons 

for both. As both species retreated to mountain-top refuges in responses to post-Pleistocene temperature 

increases (Ponniah and Hughes 2004), they are likely to have limited plasticity in response to 

temperature. Assuming such limited plasticity in response to historical warming, further environmental 

temperature increases will significantly impact both species. As they each show similar levels of current 

stress, they will likely show duress with increased environmental temperature at roughly the same time, 

and in the face of another climate change event, their challenge, again, is to either adapt or further 

contract their distribution. 

Under conservative projections of global warming, such effects may be minimal; however the effects of 

the more likely mid-range and high scenarios will negatively impact these species dramatically, perhaps 

catastrophically. Euastacus fleckeri has a relatively large geographic distribution (although < 1000 km2) 

but limited altitudinal distribution (> 900 – 1250 m) and its current physiological and biochemical 

responses potentially suggest relatively high thermal stress. As such, it is expected that this species has 

some capacity for elevation of its lowest altitudinal limit, however the thermal consequences of high 

climate change scenarios by the end of this century suggest near or mid-term decreases in populations, 

and local extinctions, with a longer-term prospect of global extinction. Furthermore, despite protective 
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legislation, poaching is already evident in this species (Coughran and Furse 2010b) which amplifies 

extinction risk.  

Thanks to difficult access to its habitat and inhospitable terrain, Euastacus bindal is protected from 

human interaction, and while limited poaching has been reported (Coughran and Furse 2010b); no 

evidence of poaching was observed during multiple visits to its highly localised site over the last 4 years 

during preliminary visits and data collection for this thesis. While direct anthropogenic threats to the 

population of E. bindal may not be large, environmental changes will have a large impact, as indicators of 

current levels of stress indicate that current warm season temperatures may be stressful and any increase 

will be compounded by their very restricted distribution. Temperature increases projected by conservative 

climate change scenarios may not have a drastic or immediate impact on this species, however projected 

moderate and high increases are likely to have prompt and severe effects, and given its very limited 

distribution (< 10 km2), limited altitudinal range (830 – 1200 m) and no capacity for further altitudinal 

retreat. As such, any local extinction is likely to be global.  

The projected longer drying spells in subtropical rainforests in Queensland (Reisinger et al. 2014) will 

increase the impact on the two critically-endangered species inhabiting central Queensland: E. eungella 

and E. monteithorum. Both have highly-restricted distribution, already placing these species under 

increased threat from any change in environmental conditions. Current conditions of the two species 

differed greatly with E. eungella demonstrating physiological and biochemical status indicative of low 

levels of stress while E. monteithorum demonstrated a state indicative of moderate/high levels of stress. 

Therefore, it can be expected that E. monteithorum will be prejudiced by even small future climate 

changes consequent upon their highly restricted extent of occurrence (<10 km2), severely-limited 

altitudinal distribution (860 – 950 m) and hence, little or no capacity for further altitudinal retreat. 

Therefore, this species is very vulnerable to extinction pressures. Even now, this species suffers pressure 

from poaching, as access to its habitat is not difficult and instances of poaching have been recorded 

(Coughran and Furse 2010b). This species thus faces a triple challenge of high vulnerability to increasing 

temperature, small extent and population size, and, negative anthropogenic interactions.  

In contrast, E. eungella has a larger total area of distribution (< 100 km2) and a larger altitudinal 

distribution (740 - 1250 m) than E. monteithorum, but it must be noted that this total extent is highly 

fragmented by unsuitable habitat, and opportunity for hybridisation between its isolated populations is 

very restricted: which diminishes its capacity for showing or developing future resilience to temperatures 

outside historical thermal limits. This species also suffers additional pressure from poaching, as there is 

relative ease of access to its habitat and it is easily mistaken for Cherax species, which have no legislative 

protection and are taken by recreational fishers (Coughran and Furse 2010b). Additionally, some 

populations of E. eungella are sympatric with another freshwater crayfish species (Cherax sp.). The 

typical distribution of this genus and high temperature tolerance suggests that Cherax may fare better in 
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the face of increasing temperatures, where it could be anticipated that ‘ceiling’ altitudinal boundaries will 

expand upwards. Therefore, negative biological interactions from Cherax species are expected to amplify 

climate change stress (Rahel et al. 2008, Settele et al. 2014) on Euastacus. Euastacus eungella may have 

the capacity to physiologically adapt to a moderate increase in temperature, as evidence by limited 

evidence of current stress, but an increase in this (and other) biological pressures and anthropogenic 

interactions seem likely to produce local extinctions in the medium term under moderate-high climate 

change scenarios and a real possibility of ultimate global extinction. 

Under current conditions, E. setosus shows current physiological and biochemical responses indicating 

relatively high thermal stress. Poaching is evident (Coughran and Furse 2010b) and may amplify future 

effects on the population. Euastacus setosus has a very restricted distribution (< 10 km2) and altitudinal 

range (500 – 700 m) and thus has similar vulnerability on that account to the species discussed above; the 

species might contract upwards in its distribution (Reisinger et al. 2014), but this will demand further 

contrition in area of occupation: its future would appear to depend on its capacity for physiological 

adaptation to new conditions. Although restricted in distribution and subject to anthropogenic pressure, 

E. setosus has demonstrated limited capacity to accept some thermal changes in its habitat. Thus, the 

species can be expected to tolerate smaller projected changes, however, as with other Euastacus above, 

moderate to high projected changes are expected to exceed the species’ capacity to cope with thermal 

stress, and increase vulnerability to extinction. 

Within subtropical south-east Queensland, projections of variability in habitat conditions include 

substantial seasonal variations, especially within the distributions of E. sulcatus and E. suttoni. Both 

occupy large areas of distribution (~ 8000 km2 and < 20,000 km2, respectively), although they are both 

quite fragmented within their total area. They may therefore be partially buffered from the effects of a 

changing environment, on account of breadth of distribution, appreciable altitudinal range (300 – 1150 m 

and 700 – 1150 m, respectively) and capacity to further retreat up the altitudinal range, and perhaps due to 

the capacity for plasticity in response to thermal stress. Extreme heat events and increased environmental 

temperature are expected to become increasing stressors with negative consequences for these two 

species, as both already demonstrate a large, prejudicial response to current stress, which due to the 

specific responses observed here, might be thermally-induced. It should be noted however, that the 

E. sulcatus for this study were sampled from the most westerly extent of the distribution (drier and more 

varied in temperature), and populations nearer to the coast (easterly extent) may face lower thermal and 

compounding stresses due to more reliable rainfall and moderate temperatures. 

Both species are sympatric with other freshwater crayfish in parts of the distribution; a comparatively 

smaller Cherax with E. suttoni and an even larger Euastacus species (E. valentulus) with E. sulcatus. 

While interaction with the smaller Cherax should not amplify future stressors for E. suttoni, there are 

several warm-adapted Cherax species nearby that could invade the present habitat of E. suttoni at 
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increased temperatures; presenting compounding competition stress (Allan et al. 2005, Settele et al. 

2014). The large and warm-tolerant species E. valentulus adjoins, but barely overlaps, the present 

distribution of E. sulcatus, and in a warming environment may provide considerable competition or 

interference with E. sulcatus. As stated above, however, the particular population of E. sulcatus sampled 

for this study came from the western parts of the species distribution, and does not have sympatric 

populations of E. valentulus nearby: thus there is presently no evidence to suggest that increased 

competition from a larger species, producing amplification of impact of future environment changes, in 

E. sulcatus (Rahel et al. 2008), in its western locations, at least. However, while small future climate 

change, as derived from conservative projections, may be tolerated across the distribution, both species 

(E. suttoni and E. sulcatus) will experience increasing and ultimately substantial pressures with likely 

localised extinctions under moderate-high climate change projections. 

The relevant land protection legislation affecting these species of Euastacus provides that they are 

protected along with other species in their habitat, under statutory law, although as outlined by Coughran 

and Furse (2010b), evidence of anthropogenic poaching is suggested for all species. Despite already-

known threats to these species, and their charismatic nature, no specific conservation measures are in 

place for any species. Current and future anthropogenic interaction differs between species, but in many 

cases carries a significant risk, in itself, of placing extinction pressure on species or local populations. The 

relatively large distributions of E. sulcatus, E. suttoni, E. eungella and E. fleckeri provide confidence that 

some populations within the overall distribution may be isolated from all but the most ardent of poachers. 

This is the same case for the severely restricted but inaccessible distribution of E. bindal, where 

unsuitable terrain deters most anthropogenic interaction. However, E. monteithorum and E. setosus have 

very restricted distributions which are easily accessed and allow ready negative anthropogenic interaction, 

which can be expected to increase in the future. Promotion of educational and public awareness 

programmes may assist in highlighting unsustainable and degradative human practices involving 

Euastacus, similar to the programme involving the Richmond Birdwing Butterfly in South-eastern 

Queensland rainforest (Sands 2008).  
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6.7 CONCLUSION 
At low levels of future climate change, general effects on these Euastacus will differ; however effects 

will remain largely deleterious at a local population level, and for those species of Euastacus with 

severely-restricted distributions, at a species level. At moderate-high levels of future climate change 

however, all species are under a significant extinction pressure; even those species with larger 

distributions. Current protection levels appear adequate at this juncture; however despite the no-take 

policies (in Queensland) for each of these species, poaching is evident; hence compliance with the 

legislation has to be enforced. Management of negative anthropogenic impact which may exacerbate 

future climate change effects, may require a public information campaign to minimise population 

pressures. 

The greatest threat to most of these species is projected meteorological change, with some species studied 

here exhibiting little capacity to cope with high temperatures at this juncture, and therefore, probably no 

prospect of enduring higher temperatures. Other species are at risk of local extinctions, but under 

conservative or mid-range climate change projections, may not suffer global extinctions. Given that 

experience of climate change appears to be tracking above the mid-range scenarios, all these species are 

at considerable global extinction risk in the near, medium or long term.  
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Chapter 7: GENERAL CONCLUSION 

7.1 SUMMARY AND SYNTHESIS OF FINDINGS 
7.1.1 THESIS SUMMARY 

This thesis seeks to characterise physiological and biochemical changes associated with increased 

environmental temperature in order to a) assess the direct effect of thermal stress on a range of crayfish 

species, and b) assess the effect of projected warming as a consequence of climate change on potentially 

vulnerable crayfish species. 

The second chapter of this thesis presented the development of a minimally-intrusive method for quantifying 

imposed thermal stress in freshwater crayfish. The method was developed so it could be used to assess field-

acclimatised organisms without the need for sacrifice of specimens. The protocols for biochemical and 

physiological assays were developed with the goal of testing endangered species without prejudice to their 

populations; specifically in order to assess a response to thermal stress within various species of genus 

Euastacus. The results from testing on C. quadricarinatus demonstrated crosstalk between metabolic 

indicators, immunological indicators, oxidant-products and anti-oxidant processes, where increases in one 

indicator could be linked to decreases in another indicator: for example an increase in total glutathione 

concentrations coincided with an increase in oxidant product formation at increased temperatures. More 

importantly, evidence of metabolic, immunological and oxidative response at temperatures below the 

thermal maximum of C. quadricarinatus were present, suggesting similar protocols may also indicate a 

similar response to stress at temperatures below the thermal maxima (i.e. at environmentally viable 

temperatures) in Euastacus. The laboratory-acclimation experiment with C. quadricarinatus provided data 

for use in the next phase, with testing on laboratory-acclimated and field-acclimatised E. sulcatus. 

After refinement of the methods used to assess the physiological and biochemical indicators used on 

C. quadricarinatus; experimentation on the thermal biology of E. sulcatus confirmed the efficacy of the 

physiological and biochemical indicators of response to stress. Desirable temperature ranges for this species 

were identified from responses of laboratory-acclimated animals, and were consistent with the need for cool 

conditions noted for this species (Morgan 1988, Furse and Wild 2004). The results from laboratory-

acclimated E. sulcatus complemented previous research on the thermal maxima of E. sulcatus, where 

atypical behaviour (indicative of stress) was noted at a similar temperature (22°C) (Bone et al. 2014b). This 

work also yielded the first evidence of thermal stress in E. sulcatus conditioned to ambient field 

temperatures. Comparison between populations of E. sulcatus at different altitudes demonstrated evidence of 

an increased stress response in the population residing at the low (i.e. warmer) end of the altitudinal 

distribution of the species.   
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The refined protocols for quantifying the response to a thermal stressor in E. sulcatus were then used in a 

similar manner, to indicate the level of response to, and the effect of, a thermal stressor in seven isolated 

species of Euastacus. Seasonal variation in response was used in place of altitudinal gradient, due to the 

limited altitudinal distribution of several species. For several of these species, this research into the 

physiological and biochemical responses between was the first research conducted on these species beyond 

general taxonomy and habitat descriptions. Additionally, the first evidence of the presence of a potential 

thermal stress at current environmental conditions was demonstrated in these freshwater crayfish. This is of 

critical importance in the cases of the critically-endangered crayfish of interest to this study.  

Throughout this study, it appeared that there were marked differences in the response to elevated temperature 

between species. Some species demonstrated a pattern of physiological and biochemical changes during 

warmer parts of the year that suggested they may be enduring stress from elevated ambient temperature, 

other species studied displayed low level thermal stress responses contrasting to other species which 

displayed elevated responses. Therefore it could be suggested that within those crayfish with low-level 

responses, the prejudicial impact of the thermal stressor was minimised, while in the high-level response 

prejudicial impact was incurred from the stressor and the response mounted against the stressor resulted in a 

loss of physiological fitness. Lowest physiological stress within each species was evident in the cooler 

season, winter, in comparison to the warmer seasons of summer and autumn. The differences in response 

within species were generally of a greater magnitude between winter and summer (the coldest and hottest 

time of year), with a smaller, but otherwise similar, variation between winter and autumn. As the crayfish 

appeared to demonstrate increased response levels in the warmer seasons (summer and autumn) than in the 

winter, it was logically suggested that there was a potential underlying effect of a thermal stressor. Therefore, 

as evidence suggests a current prejudicial effect of currently-occurring high temperatures in most of the 

Euastacus species studied here, climate-change induced increases in environmental temperature will likely 

have a significant detrimental impact on these species. 

It could be suggested that the largest effects will be imparted on those species that reside within with small 

distributions and currently experiencing potential thermal stress. While protective legislation appears 

adequate in its intent and measure, in so much that these species haven’t already disappeared, negative 

anthropogenic impacts (particularly poaching) exist for all these species. As these crayfish are charismatic, it 

does not require a stretch of the imagination to foresee drastic effects on the population occurring due to 

continued and increased poaching of species which have EEOs of <10 km2. Due to the highly-fragmented 

distribution within the overall habitat of these Euastacus, in most cases there are only pockets of isolated 

populations within the total overall distribution. Such a localised population may too easily be lost due to the 

combination of negative anthropogenic interaction and climate change pressure, reducing the number of 

‘back-up’ populations (guarding against a global extinction) available even in species with larger EEO. Most 

critically, the species with smaller overall distributions are will be increasingly displaced from climate 

change stress complementing pre-existing stressors. Therefore, as thermal stresses will increase without any 
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real capacity for mitigation, negative anthropogenic interactions may be the only threat can be reduced to any 

large magnitude. 

 

7.2 IMPLICATIONS FOR CONSERVATION AND MANAGEMENT PRACTICES 
The methods in this thesis have demonstrated potential evidence of stress at contemporary environmental 

temperatures, that is, current temperatures experienced by several of these crayfish. The key knowledge gaps 

have been identified for Euastacus in the face of climate change and research initiated into this important 

relict genus, which in Queensland is heavily isolated and speciated. An understanding of the degree to which 

their current refugial distribution can be attributed to intolerance of higher temperatures is required.  

The findings here demonstrate that a minimally-intrusive process can be used to elucidate potential thermal 

stress levels encountered in the field by these crayfish. The results highlight that these crayfish are at a real 

risk of extinction due to climate change; a view that has been often noted for this species without concrete 

evidence. 

It would appear that there are appreciable differences between each of the species studied here in terms of 

the risk of extinction due to climate change. Generally, it appears that limited distributions will be the main 

factor operating synergistically with increasing ambient temperatures to increase extinction pressure, 

however the warm-adapted species E. fleckeri, E. sulcatus and E. suttoni appear to be closer to their thermal 

maximum and may be most at risk theoretically. It would appear that these crayfish are already living at 

temperatures where only minimal differential between environmental extremes and thermal maxima is 

available before extremely-prejudicial effects of increasing temperatures are experienced, climate change 

may push them towards extinction sooner, rather than later. It would appear that real extinction risks exist for 

E. bindal, E. monteithorum and E. setosus under current thermal regimes; with an increase in environmental 

temperatures these risks are likely to become critical. These species have severely-restricted distributions 

with unsuitable intervening habitat, and survival under increasing temperatures will require physiological 

adaptation to any change in environmental temperature. There relict distributions suggest that the extent of 

adaptive capacity for plasticity in response to elevated environmental temperature is minimal. As such, and 

like other high-altitude organisms with limited thermal adaptability, suitable habitat will diminish and 

continually displace to higher altitudes under increasing regional temperatures. It seems inescapable that 

those crayfish with limited mountain-top distributions will become further isolated until all habitat is lost, or 

an outside force disrupts the fragile population, causing extinction. 

Results from this study suggest appreciable extinction risks, even with modest projected increases in 

temperature, exist for E. fleckeri, E. sulcatus and E. suttoni in addition to E. bindal, E. monteithorum and 

E. setosus. However with higher temperature projections such as high change scenarios or continued (> 100 
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year) change, risks of extinction will emerge for all species of Euastacus in this study, including those with 

currently low-level responses, such as E. eungella.  

Although the Euastacus species in this study all have at least some of their habitat within National Park 

boundaries, protection under national park legislation will not ensure the long-term survival of several of 

these species. Simply ‘sealing’ these crayfish away from negative anthropogenic interactions, typified by 

poaching and habitat modification, will not mitigate the effect of climate change. Nonetheless, anthropogenic 

impact is already poorly regulated, so deleterious interactions will continue and may well increase. The 

protection afforded by national park legislation has been recently amended (late 2013) by the Queensland 

government and now permits significantly increased recreational use of the reserves, promoting more 

negative anthropogenic interaction. More drastic means of conservation of these species may be required, 

such as declaration of no-visit zones, establishment of managed breeding programs or translocation to new, 

cooler habitat; however the first would be politically fraught and may be unenforceable, the second may 

simply stave off the inevitable and potentially have more negative than beneficial impact on current 

populations, and logistically, the third is likely to create new problems in destination habitat and may well 

still fail to conserve these species in the face of climate change.  

 

7.3 FUTURE RESEARCH 
Future research, specifically within the genus Euastacus, needs to focus on identifying thermal optima and 

thermal limits. Variance in several of the biochemical and physiological responses seen in this study indicate 

that there may be some variation in response with fully developed individuals of these crayfish species. Such 

differences may have ramifications for population adaptation to further changing environmental conditions 

in the future. Behavioural tests for thermal optima (rather than for lethal limits) may demonstrate genetic 

propensity for a given range of environmental temperatures, not just avoidance of extremes. While the 

quantification of biochemical and physiological response used here clearly identified lower level and high 

end stress, the use of in-vivo, behavioural testing, such as thermal optima choice experiments or thermal 

maximum experiments may give further insight into environmental temperature selection within each 

species, relative to cellular response. Additionally, while the minimally-intrusive tests for effects of current 

thermal conditions, used in this study, may give indication of response or tolerance, assessing the absolute 

differential, in terms of absolute thermal maximum and current maximum environmental temperature for 

each species may be more indicative of resilience of each species in the face of increasing environmental 

temperature. Tolerable maximum temperature, specific to each species of Euastacus would allow modelling 

of predicted changes in environmental temperature and the determination of when each species would be 

likely to reach survival limits with continually increasing environmental temperatures. Additionally, 

associated development effects or defects, due to increased brooding temperature may assist in determining 

the long-term effect of projected thermal increases on these species of Euastacus. 
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7.4 THESIS CONCLUSION 
This thesis has demonstrated the utility of a minimally-intrusive sampling procedure for the assessment of 

biochemical and physiological indicators of a thermal stressor in endangered freshwater crayfish. The results 

demonstrate that thermal stressors are presently acting on several Euastacus species in tropical and 

subtropical eastern Australia, and at the higher temperatures experienced in the field (i.e. summer or lowest 

altitudinal limits) may have some prejudicial effect on the animals; several of which are presently under a 

real risk of localised or global extinction. The study also quantified specific thermal requirements of both 

laboratory-acclimated Cherax quadricarinatus and E. sulcatus. In C. quadricarinatus, the first evidence of 

physiological stress was found at 32°C; 3°C below the species’ lethal thermal maximum. In E. sulcatus, the 

same point was found at 22.5°C; 4.5°C below its respective thermal maximum.  

General physiological and biochemical responses to elevation of water temperature, and the inferred level of 

stress currently experienced in warmer seasons, varied between the seven species of the freshwater crayfish 

from genus Euastacus. The highest risk from increasing ambient temperature was in three critically-

endangered species E. bindal, E. monteithorum and E. setosus; while the results suggested that E. eungella, 

also critically endangered, is under lesser immediate risk. The highest contributing factors to the risk of 

future extinction associated with E. bindal, E. monteithorum and E. setosus were climatic changes, primarily 

an increase in environmental temperature. These impacts, combined with severely restricted distributions and 

inhospitable intervening habit, limiting mobility across the landscape to escape the effects of temperature, 

further increase extinction risks associated with climate change.  

In order to attempt to reduce the effect of climate change on Euastacus in Queensland, drastic measures such 

as strict isolation, captive breeding and planned translocation to cooler habitat, may need to be undertaken. 

While the two former solutions may be used stave off extinction of these species in the short term, with 

limited long-term results, translocation to other refugia habitat appears on the surface to be a viable 

mitigatory measure. This however, is a very short-sighted approach as the introduction of said species into 

these carefully-selected optimal habitat ignores the fact that these habitats may very well be under the effect 

of the same thermal stress and that the species residing within may be under the same pressures as these 

Euastacus, therefore, the introduction of these species will simply add pressure on the natives of the targeted 

habitat. The introduction of Euastacus via translocation may very well cause more than one extinction as a 

solution to avoiding a single extinction. Therefore, as with many other projected distribution changes 

resulting from climate change, it appears from these results that there will be ‘survivors’ and ‘losers’ in 

Euastacus species in Queensland, with only very limited ‘help’ available for the losers. In terms of ‘winners’ 

and ‘losers’ in face of climate change, those species with large distributions, limited competition from 

sympatric or parapatric crayfish species, limited anthropogenic interaction and currently large annual water 

temperature ranges may be the longest to survive environment changes arising from climate change as well 
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as the longest to defer becoming losers. Under high climate change scenarios, or after sufficient time 

however, there will be no ‘winners’ amongst these species, although there may be survivors. 
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  Appendix 

APPENDIX II 
STUDY SPECIES AND SITE 

EUASTACUS FLECKERI 

 

Appendix II, Figure 1:  Euastacus fleckeri: Alert posture (Photo: Diana Virkki) 

 

Appendix II, Figure 2: Typical sampling site of E. fleckeri at Mt. Lewis NP, Elevation = ~1075 m 
(145.28E -16.59N) (Photo: Diana Virkki)  
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EUASTACUS SULCATUS 

 

Appendix II, Figure 3: Euastacus sulcatus (Red-form): Relaxed posture (Photo: James Bone) 

 

Appendix II, Figure 4: Typical sampling site of E. sulcatus at Main Range NP, Elevation = ~770 m 
(152.37E -28.06N) (Photo: James Bone)  
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EUASTACUS SUTTONI 

 

Appendix II, Figure 5: Euastacus suttoni: Defensive posture (Photo: James Bone) 

 

Appendix II, Figure 6: Typical sampling site of E. suttoni at Bald Rock NP, Elevation = ~920 m 
(151.94E -28.82N) (Photo: James Bone)  
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EUASTACUS EUNGELLA 

 

Appendix II, Figure 7: Euastacus eungella: Defensive posture (Photo: Diana Virkki) 

 

Appendix II, Figure 8: Typical sampling site of E. eungella at Eungella NP, Elevation = ~990 m 
(148.604E -21.09N) (Photo: Diana Virkki)  
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EUASTACUS BINDAL 

 

Appendix II, Figure 9: Euastacus bindal: Relaxed posture (Photo: Diana Virkki) 

 

Appendix II, Figure 10: Typical sampling site of E. bindal at Mt. Elliot NP, Elevation = ~1080 m 
(146.97E -19.48N) (Photo: Diana Virkki)  
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EUASTACUS MONTEITHORUM 

 

Appendix II, Figure 11: Euastacus monteithorum: Alert posture (Photo: Diana Virkki) 

 

Appendix II, Figure 12: Typical sampling site of E. monteithorum at Kroombit Tops NP, 
Elevation = ~920 m (151.03E -21.41N) (Photo: James Bone) 
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EUASTACUS SETOSUS 

 

Appendix II, Figure 13: Euastacus setosus: Alert posture (Photo: Diana Virkki) 

 

Appendix II, Figure 14: Typical sampling site of E. setosus at D’Aguilar NP, Elevation = ~650 m 
(152.76E -27.33N) (Photo: James Bone)  
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Appendix II, Table 1: Body size (Occipital Carapace Length) min, mean max and median for each 
season. Separated by species 

Species Season Min (mm) Avg ± s.d. (mm)  Max (mm) Med (mm) 
E. bindal Winter 15.5 22.44 ± 4.49 27 24.5 

E. bindal Summer 15.5 22.72 ± 5.11 30.5 24 

E. bindal Autumn 11 18.33 ± 5.75 28.5 16 
      

E. eungella Winter 13.5 18.94 ± 2.77 23 19 

E. eungella Summer 15 17.77 ± 2.72 23 17.5 

E. eungella Autumn 17 21.72 ± 3.49 27 20 
      

E. fleckeri Winter 15.5 25.33 ± 10.40 40 21.75 

E. fleckeri Summer 23 38.35 ± 24.60 93.5 31 

E. fleckeri Autumn 20 30.83 ± 6.22 40.5 30 
      

E. monteithorum Winter 15.5 20.77 ± 3.67 27 20.5 

E. monteithorum Summer 21 27 ± 6.49 37 24 

E. monteithorum Autumn 16.5 22.94 ± 4.08 29.5 23.5 
      

E. setosus Winter 19 30.66 ± 10.57 47 27 

E. setosus Summer 19 25.44 ± 3.61 31 25.5 

E. setosus Autumn 15 21.27 ± 4.96 32 19.5 
      

E. sulcatus Winter 22.5 30.22 ± 7.83 45.5 31.5 

E. sulcatus Summer 25 30.88 ± 5.37 41.5 29 

E. sulcatus Autumn 21.5 29.27 ± 9.07 48 27.5 
      

E. suttoni Winter 21 31.72 ± 7.18 42 33 

E. suttoni Summer 25 39.22 ± 11.26 61 36.5 

E. suttoni Autumn 20.5 30.77 ± 7.61 43 30.5 
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Appendix II, Table 2: Group I of Euastacus: small and poorly spinose species (after Coughran 2008).  

Note: Max OCL = maximum size (mm); F Mat = size at female maturity D-L or D = dorso-lateral or 
dorso abdominal spines; Thor = thoracic spines; RF = rainforest; SF = sclerophyll; P = pasture; H = 
heath; Elev = elevation (H, highland or L, lowland).  

Species Max 

OCL  

F Mat D-L or D Thor Habitat Elev. 

Euastacus balanensis 33.0 ~30 - - RF H 

Euastacus yigara 22.9 ? - - RF H 

Euastacus bindal 24.9 < 30 - - RF H 

Euastacus eungella 33.0 > 30 - - RF H 

Euastacus monteithorum 37.9 ? - - RF H 

Euastacus urospinosus 36.7 ? - - RF H 

Euastacus setosus 38.5 ~40 - - RF H 

Euastacus jagara 47.1 ? - - RF H 

Euastacus maidae 24.8 ? - - RF H 

Euastacus mirangudjin  38.3 ~30 - - RF H 

Euastacus dalagarbe 35.8 ~30 - - RF H 

Euastacus girurmulayn 33.9 >30 - - RF SF H 

Euastacus guruhgi 32.5 ~25 - - RF H 

Euastacus jagabar 28.9 ~30 - - RF H 

Euastacus neohirsutus 42.8 < 40 ? - RF L 

Euastacus spinichelatus 38.8 ~30 - - RF SF P H 

Euastacus polysetosus 56.6 ~40 - - SF H 

Euastacus reductus 34.5 ~30 - - RF H 
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Appendix II, Table 3: Group II of Euastacus: moderate to large with moderate to heavy spination 
species (after Coughran 2008). See Appendix II, Table 2 for data descriptions. 

Species Max 

OCL  

F Mat D-L or 

D 

Thor Habitat Elev. 

Euastacus hystricosus  138.6 ~60 + + RF SF H 

Euastacus sulcatus  99.5 40 – 60 + - RF SF H 

Euastacus valentulus 91.1 40 – 80 + + RF SF P L 

Euastacus suttoni 86.3 40 – 60 + + RF H P H 

Euastacus gumar 37.2 ~30 + + RF H 

Euastacus pilosus 42.2 > 30 + + RF SF H 

Euastacus dangadi 42.8 30 – 40 + + RF L 

Euastacus simplex 56.3 ~40 + + RF H P H 

Euastacus clarkae 33.0 > 33 + ? RF H 

Euastacus gamilaroi 41.8 ~40 + ? ? H 

Euastacus australasiensis 59.4 30 – 40 + + RF SF H L 

Euastacus hirsutus 44.0 < 40 + + RF H 

Euastacus bidawalus 48.0 > 40 + + SF H L 

Euastacus diversus 32.2 > 40 + + ? ? 

Euastacus kershawi 159.5 > 50 + + SF L 

Euastacus woiwuru 74.5 > 40 + + RF SF H 

Euastacus neodiversus 44.9 ~ 40 + + SF H L 

 

Appendix II, Table 4: Euastacus robertsi-fleckeri clade (after, Coughran 2008). See Table A.1 for 
data descriptions. 

Species Max OCL  F Mat D-L or D Thor Habitat Elev. 

Euastacus robertsi 50.8 30 – 50 + + RF H 

Euastacus fleckeri 119.1 40 - 60 + + RF H 
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Appendix II, Figure 15: Distribution of genus Euastacus (Note: green shading denotes known 
distribution of any species in the genus. The line running north to south indicates the peak of The 
Great Dividing Range. Separate patches of green shading north of Brisbane denotes single, isolated, 
highland species. (Figure modified from Furse and Coughran 2010).  
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APPENDIX III 
Appendix III, Table 1: Published research previously conducted on genus Euastacus. 

Reference Species Research Aspect Region 

(Ache and Sandeman 1980) Euastacus armatus Neural Physiology NSW/SA/VIC/ACT 

(Alves et al. 2010) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Avery and Austin 1997) Euastacus (genus) Taxonomy VIC 

(Barley 1984) Euastacus armatus Hypoxia Physiology NSW/SA/VIC/ACT 

(Bezzobs 1989) Euastacus armatus Hypoxia Physiology NSW/SA/VIC/ACT 

(Bone and Wild 2014) Euastacus sulcatus General Biology QLD 

(Bone et al. 2014b) Euastacus sulcatus Thermal Physiology QLD 

(Borsboom 1998) Euastacus urospinus General Biology NSW 

(Bratby 2004) Euastacus (genus) Genetic Biology - 

(Clark 1941) Euastacus (genus) Genus summary - 

(Coughran 2002) Euastacus spp. New species identification - 

(Coughran 2007) Euastacus (genus) General Biology - 

(Coughran 2008) Euastacus (genus) Taxonomy - 

(Coughran 2011) Euastacus mirangudjin General Biology NSW 

(Coughran 2013) Euastacus sulcatus General Biology NSW 

(Coughran and Furse 2010b) Euastacus (genus) Conservation - 

(Coughran and Leckie 2007a) Euastacus spp. New species identification NSW 

(Coughran and McCormack 2011) Euastacus morgani General Biology NSW 

(Crandall et al. 1999) Euastacus (genus) Genetic Biology - 

(Francois 1961) Euastacus (genus) Genus revision - 

(Fulton et al. 2012) Euastacus armatus Fisheries NSW/SA/VIC/ACT 

(Furse 1999) Euastacus sulcatus General Biology QLD 

(Furse 2010) Euastacus sulcatus General Biology QLD 

(Furse and Coughran 2011a) Euastacus (genus) Biology, Threatening 

Processes and Conservation 

Status 

- 

(Furse and Coughran 2011b) Euastacus (genus) Biology, Threatening 

Processes and Conservation 

Status 

- 

(Furse and Coughran 2011c) Euastacus (genus) Biology, Threatening 

Processes and Conservation 

Status 

- 

(Furse and Wild 2002) Euastacus sulcatus General Biology QLD 

(Furse and Wild 2004) Euastacus sulcatus Growth Biology QLD 

(Furse et al. 2004) Euastacus sulcatus General Biology QLD 

(Furse et al. 2006) Euastacus sulcatus General Biology QLD 

(Furse et al. 2012a) Euastacus bindal General Biology QLD 

(Furse et al. 2012b) Euastacus valentulus Mortality during extreme 

weather 

QLD/NSW 
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(Furse et al. 2013) Euastacus spp. New species identification - 

(Gan et al. 2014) Euastacus yarraensis Genetic Biology VIC 

(Gherardi 2011) Euastacus (genus) Fisheries - 

(Greenaway and Lawson 1982) Euastacus keirensis, 

Euastacus spinifer 

Neural Physiology VIC, 

NSW 

(Growns and Marsden 1998) Euastacus spinifer, 

Euastacus australasiensis 

General Biology NSW, 

NSW 

(Hammer and Roberts 2008) Euastacus bispinosus General Biology VIC 

(Hazlett and Lawler 2010) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Hazlett et al. 2007) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Hoey 1990) Euastacus bispinosus General Biology VIC 

(Honan 1998) Euastacus bispinosus Reproductive Biology VIC 

(Honan and Mitchell 1995b) Euastacus bispinosus Fisheries VIC 

(Honan and Mitchell 1995c) Euastacus bispinosus Growth Biology VIC/SA 

(Johnson 1982) Euastacus spinosus General Biology - 

(Johnston et al. 2008) Euastacus bispinosus General Biology VIC 

(Kaires 1979) Euastacus armatus Osmoregulation Physiology NSW/SA/VIC/ACT 

(Kohen and Merrick 1998) Euastacus (genus) Fisheries  - 

(Lawler and Crandall 1998) Euastacus (genus) Commensal Biology - 

(Leckie and Coughran 2005) Euastacus suttoni General Biology QLD/NSW 

(Leland et al. 2011) Euastacus valentulus General Biology NSW 

(Lillemets and Wilson 2002) Euastacus spp. New species identification - 

(Lintermans 2000) Euastacus armatus Conservation NSW/SA/VIC/ACT 

(Lowe et al. 2010) Euastacus sulcatus Thermal Physiology QLD 

(McCarthy et al. 2014) Euastacus armatus Movement in extreme 

weather 

NSW/SA/VIC/ACT 

(McCormack and Coughran 2008) Euastacus spp. New species identification - 

(McCormack et al. 2010) Euastacus jagara Conservation QLD 

(McKinnon 1995) Euastacus armatus Movement in extreme 

weather 

NSW/SA/VIC/ACT 

(Melville 1991) Euastacus valentulus General Biology QLD/NSW 

(Merrick 1997) Euastacus (genus) Conservation - 

(Miller et al. 2014) Euastacus bispinosus Genetic Biology VIC 

(Miller et al. 2014) Euastacus bispinosus Genetic Biology VIC 

(Monroe 1977) Euastacus spp. New species identification - 

(Morey 1998) Euastacus kershawi General Biology VIC 

(Morgan 1986) Euastacus (genus) Taxonomy - 

(Morgan 1988) Euastacus (genus) Taxonomy - 

(Morgan 1989) Euastacus spp. New species identification - 

(Morgan 1989) Euastacus (genus) Taxonomy - 

(Patak and Baldwin 1984) Euastacus (genus) Haemocyanin Physiology - 

(Pérez-Losada and Crandall 2003) Euastacus (genus) Conservation - 

(Ponniah and Hughes 2004) Euastacus (genus) Genetic Biology - 
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(Ponniah and Hughes 2006) Euastacus (genus) Genetic Biology - 

(Riek 1969) Australian freshwater 

Crayfish 

Summary of Australian 

freshwater crayfish 

- 

(Ruibal and Fulton 2008) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Ruibal and Fulton 2009) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Sandeman and Wilkens 1982) Euastacus armatus General Biology NSW/SA/VIC/ACT 

(Sandeman and Wilkens 1983) Euastacus armatus Muscle Function 

Physiology 

NSW/SA/VIC/ACT 

(Sewell and Cannon 1998) Euastacus (genus) Commensal Biology - 

(Sewell et al. 2006) Euastacus (genus) Commensal Biology - 

(Shull et al. 2005) Euastacus (genus) Genetic Biology - 

(Smith et al. 1998) Euastacus hystricosus General Biology QLD 

(Turvey and Merrick 1997a) Euastacus spinifer General Biology NSW 

(Turvey and Merrick 1997b) Euastacus spinifer Growth Biology NSW 

(Turvey and Merrick 1997c) Euastacus spinifer Reproductive Biology NSW 

(Versteegen and Lawler 1997) Euastacus armatus Genetic Biology NSW/SA/VIC/ACT 

(Whiterod et al. 2014) Euastacus bispinosus Genetic Biology VIC 

(Wild and Furse 2004) Euastacus sulcatus Commensal Biology QLD 

(Zukowski et al. 2012) Euastacus armatus Environmental 

Management 

NSW/SA/VIC/ACT 

(Zukowski et al. 2013) Euastacus armatus General Biology NSW/SA/VIC/ACT 
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