
Water as a Physiological Currency: Hydration State Impacts Immune Function,  

Metabolic Substrates, and Reproductive Investment  

by 

George Brusch IV 

 

 

 

 

 

A Dissertation Presented in Partial Fulfillment  

of the Requirements for the Degree  

Doctor of Philosophy  

 

 

 

 

 

 

 

 

 

 

Approved January 2019 by the 

Graduate Supervisory Committee:  

 

Dale DeNardo, Chair 

Joseph Blattman 

Susannah French 

John Sabo 

Emily Taylor 

 

 

 

 

 

 

 

 

 

 

ARIZONA STATE UNIVERSITY  

May 2019  



  i 

ABSTRACT  

   

Environmental changes are occurring at an unprecedented rate, and these changes will 

undoubtedly lead to alterations in resource availability for many organisms. To 

effectively predict the implications of such changes, it is critical to better understand how 

organisms have adapted to coping with seasonally limited resources. The vast majority of 

previous work has focused on energy balance as the driver of changes in organismal 

physiology. While energy is clearly a vital currency, other resources can also be limited 

and impact physiological functions. Water is essential for life as it is the main constituent 

of cells, tissues, and organs. Yet, water has received little consideration for its role as a 

currency that impacts physiological functions. Given the importance of water to most 

major physiological systems, I investigated how water limitations interact with immune 

function, metabolism, and reproductive investment, an almost entirely unexplored area. 

Using multiple species and life stages, I demonstrated that dehydrated animals typically 

have enhanced innate immunity, regardless of whether the dehydration is a result of 

seasonal water constraints, water deprivation in the lab, or high physiological demand for 

water. My work contributed greatly to the understanding of immune function dynamics 

and lays a foundation for the study of hydration immunology as a component of the 

burgeoning field of ecoimmunology. While a large portion of my dissertation focused on 

the interaction between water balance and immune function, there are many other 

physiological processes that may be impacted by water restrictions. Accordingly, I 

recently expanded the understanding of how reproductive females can alter metabolic 

substrates to reallocate internal water during times of water scarcity, an important 

development in our knowledge of reproductive investments. Overall, by thoroughly 
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evaluating implications and responses to water limitations, my dissertation, when 

combined previous acquired knowledge on food limitation, will enable scientists to better 

predict the impacts of future climate change, where, in many regions, rainfall events are 

forecasted to be less reliable, resulting in more frequent drought. 
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CHAPTER 1 

INTRODUCTION 

Water is a fundamental resource to sustain life, yet water availability can be limited. In 

many environments, the uneven distribution of precipitation throughout the year results in 

seasonal droughts: > 66% of the earth’s land surface goes for 65 or more consecutive 

days per year without any measurable rainfall (Hao et al. 2018). An organism’s ability to 

regulate its internal environment and maintain homeostasis is paramount to proper cell 

function. The importance of water balance to homeostasis in most vertebrates cannot be 

overstated; in many major taxa an absence of water can be lethal within days (Popkin et 

al. 2010). To cope with water scarcity, many organisms exhibit water-conserving 

behavioral, morphological, or physiological adaptations to maintain water balance (Takei 

2000). Alternatively, other organisms tolerate dramatic fluctuations in plasma osmolality 

and endure bouts of dehydration (i.e., hyperosmolality) until water becomes available 

(Peterson 1996; Brusch and DeNardo 2017). Dehydration can impair activity (Davis and 

DeNardo 2009), thermoregulation (Montain et al. 1999), cognitive function (Wilson and 

Morley 2003), and damage to an organism at the membrane level (Prestrelski et al. 1993; 

Potts 1994). Osmoregulation, the process of regulating water and solutes, allows 

organisms to maintain the composition of their body fluids within an often-small osmotic 

range (Bradley 2009).  

 Many terrestrial mammals maintain a plasma osmolality of approximately 300 

mOsm (Stockham and Scott 2008), and it rarely changes more than 5%, even during 

periods when they do not drink (Ramsay and Thrasher 1984). Juxtaposed against these 

norms are non-mammalian animals adapted to living in environments where water 
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availability is limited for portions of the year. These organisms can tolerate extreme 

variation in osmolality [toads: 250-370 mOsm (Johnson and Propper 2000), tortoises: 

290-400 mOsm (Nagy and Medica 1986), lizards: 280-350 mOsm (Davis and DeNardo 

2009), and birds: 325-425 mOsm (Williams et al. 1991)] and apparently function 

normally. The ability to dramatically fluctuate plasma osmolality makes these animals of 

particular interest when studying the relationship between hydration state and 

physiological performances. However, it is unknown to what extent non-lethal 

hyperosmotic states affect physiological functions including immune function, 

metabolism, and reproductive output. 

 Accordingly, the first chapter of my dissertation examined the relationship 

between immune function and hydration state using a species known to undergo 

substantial seasonal fluctuations in water availability, the western diamond-backed 

rattlesnake (Crotalus atrox). I tested the hypothesis that extended drought leads to 

measurable yet well-tolerated increases in osmolality in this species and that increased 

osmolality within this tolerated range results in improved immune function. To do this, I 

collected blood samples from free-ranging C. atrox in the Sonoran Desert to compare 

osmolality and immune function during the relatively cooler and moister spring, the hot 

and dry summer, and during the monsoons season when conditions are hot and wet. To 

remove potentially confounding factors from seasonal effects, I also examined 

dehydration and immune function using C. atrox held without food and water for 16 

weeks in the laboratory. I collected blood samples from snakes as they dehydrated and 

subsequently provided them with ad libitum water before taking a final blood sample at 

the end of the experiment (Brusch and DeNardo 2017 [Appendix A]) 
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 Results from the first chapter of my dissertation indicated that, unlike what is seen 

with energy limitations, water limitations enhance immune function. However, this study 

did not examine the effects of dehydration on immunity when there was another 

concurrent, substantial physiological challenge. Thus, I examined the impact of 

reproduction and water-deprivation, individually and in combination, on immune 

performance in Children’s pythons (Antaresia childreni). I collected blood samples from 

free-ranging A. childreni in Australia to evaluate osmolality and innate immune function 

during the Austral dry-season when water availability is limited, and this species is 

typically reproducing (Taylor and Tulloch 1985). To examine how reproduction and 

water-imbalance, both separately and combined, impact immune function in a controlled 

setting, I also included a laboratory-based 2 x 2 experiment (Brusch et al. 2017 

[Appendix B]). 

 Interestingly, results from my second chapter revealed that reproductive and non-

reproductive females held without water had similarly elevated osmolality values, 

suggesting that reproductive females are somehow able to limit dehydration-based 

osmolality increases when they are gravid. Accordingly, the third chapter of my 

dissertation investigated the interactive effects of reproductive investment and water 

deprivation on catabolism and reproductive output in female A. childreni. Using a similar 

2 x 2 design, reproductive and non-reproductive females were either provided water ad 

libitum or were water-deprived for three weeks at the time when reproductive females 

were gravid. I measured a variety of physical and biochemical characteristics and 

compared between the four treatment groups to examine if reproductive females without 
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water were altering the type of internal resources they utilized and if dehydration affected 

their reproductive output (Brusch et al. 2018 [Appendix C]). 

 Results from my third chapter found no difference in the number of eggs hydrated 

and dehydrated females laid, however, individual eggs from dehydrated females tended 

to weigh less. This suggested a potential parent-offspring conflict for limited water 

resources during gravidity. I therefore tested the hypothesis that the mother-offspring 

conflict over limited water resources leads to fine-scale morphological and physiological 

impacts on the eggs in A. childreni. To do this, I explored how water deprivation during 

gravidity affects egg water content, yolk immune performance, and shell development. I 

examined a suite of physical and biochemical characteristics in eggs and yolks from 

reproductive females held with or without water throughout gravidity (Brusch et al. 2019 

[Appendix D]).   

The first two chapters of my dissertation and much of the current research into 

immune function dynamics focuses on newborn to adult life stages, despite previous 

studies documenting physiological responses in embryos to environmental stimuli such as 

temperature (Rafferty and Reina 2012) and oxygen (Stahlschmidt and DeNardo 2009). 

To explore the relationship between hydration and immune function in a critical but 

grossly understudied life-stage, I examined whether embryonic A. childreni show 

dehydration-enhanced immune function similar to that documented in adults of this 

species. I used a 2 x 2 experiment with hydrated or dehydrated mothers and hydrated or 

dehydrated mid-development embryos and collected embryonic fluid from late-stage 

embryos to measure osmolality and assess innate immune function (Brusch and DeNardo 

2019 [Appendix E]). 
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CHAPTER 2 

CONCLUSION 

The vast majority of previous research examining the physiological consequences of 

resource limitations has focused on energy balance as the driver of changes. 

Physiological systems that are important to fitness such as immune performance, 

metabolism, and reproduction are often suppressed during periods of food scarcity or 

heavy energy investment (Lochmiller et al. 1993; Ardia et al. 2003; Uller et al. 2006). 

While energy is clearly a vital currency, other resources can also be limited and may 

impact physiological functions. Despite water being universally recognized as a 

fundamental resource, it has received limited consideration for its role as a physiological 

currency. Given the importance of water to most major physiological systems, it seems 

logical to expect that hydric state would have considerable impact on immune function, 

metabolism, and reproduction as well. 

 The immune system is a stimulated defense that destroys and removes particles 

recognized as foreign such as bacteria, parasites, fungi, and viruses (Murphy 2011). 

Evidence suggests immunocompetence, the ability of an organism to mount a normal 

response to an antigen, has energetic production costs (Klasing and Leshchinsky 1999), 

maintenance costs (Råberg et al. 1998), and substantial energetic costs associated with 

reacting to foreign pathogens (Klasing 2004). Much of the current focus on dynamic 

immune function has examined the theory that immune defenses compete with other 

physiological functions (e.g., growth and reproduction) for energetic resources. 

Stimulated immune responses have been shown to increase resting metabolic rates 

(Martin et al. 2003), decrease growth rates (Parmentier et al. 1996), lower reproductive 
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success (Bonneaud et al. 2003), and reduce parental care (Råberg et al. 2000). 

Immunocompetence can also be affected by non-energetic resources such as vitamins and 

carotenoids (Hartley and Kennedy 2004). However, there remain substantial gaps in our 

understanding of what mechanisms or resources directly modulate the immune system 

and the magnitude of immunity costs (Viney et al. 2005). To the best of my knowledge, 

prior to my dissertation work, there were only two studies that found evidence suggesting 

that water balance can influence immune function. Fruit flies (Drosophila melanogaster) 

with challenged immune systems did not survive desiccation for as long as flies with 

unchallenged immune systems (Hoang 2001). However, the flies were also subject to 

starvation so a direct link between immune performance and hydration was confounded 

by energy limitation. Conversely, Gila monsters (Heloderma suspectum) had elevated 

aspects of innate immune function when dehydrated (Moeller et al. 2013). 

 I therefore examined the relationship between immunocompetence and hydration 

using western diamond-backed rattlesnakes (Crotalus atrox) from the Sonoran Desert. 

These large-bodied snakes are naturally adapted to environments that experience 

substantial seasonal droughts when standing water and rainfall are typically non-existent. 

They are also binge-feeders; able to survive by consuming large, infrequent meals, and 

can go months without feeding, making them an ideal organism for studying the effects 

of hydration on immune function without results being confounded by concerns of an 

effect due to starvation.   

 Using a combination of field and laboratory-based experiments, I found that C. 

atrox in the wild experience considerable bouts of hyperosmolality during the seasonal 

drought. I also found that hyperosmolality, both in the wild and via manipulation in the 
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lab, led to enhanced innate immune performance. Specifically, animals held in the lab 

without food and water for 16-weeks showed gradual increases in innate immune 

performance. When animals were subsequently provided water towards the end of the 

experiment, innate immune metrics plummeted to baseline within 72-hours. These results 

suggest that whatever plasma proteins are responsible for my findings rapidly 

disassociate or become ineffective with rehydration. Additionally, I also found through a 

series of dilution experiments that elevated immune scores associated with 

hyperosmolality were not simply the result of increased concentration of immune factors 

within the plasma. Together, these findings suggest that plasma proteins associated with 

innate immunity are upregulated (in terms of number or activity) during periods of 

dehydration. I also found that rattlesnakes held in the lab without food, but who had ad 

libitum access to water, did not have altered immune performances. This validated that 

the study examined the relationship between hydration and immune function without 

limited energy confounding my results. My results (Brusch and DeNardo 2017 

[Appendix A]), along with those of Moeller et al. (2013), suggest that, unlike what has 

been documented with energy limitations, water limitations enhance immune function. 

 While rattlesnakes and Gila monsters in these studies had relatively low energetic 

and water demands, other reptile species have enormous investment of both resources 

during reproduction. In many species inhabiting similar seasonal environments, offspring 

development occurs towards the end of the dry season so that they are born at the start of 

the wet season when food and water resources are plentiful (Bronson and Heideman 

1994; Prendergast et al. 2001). While this strategy is widespread across diverse taxa, it 

may pose considerable physiological challenges to the female by requiring her to invest 
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substantial energetic and hydric resources during a time when these same resources are 

limited or non-existent in the environment. This temporal discrepancy between resource 

availability and investment has been thoroughly investigated from an energetic standpoint 

(reviewed in Bronson 2009) via the establishment of fat stores (i.e., capital breeding). 

However, water has been mostly ignored from consideration which is unfortunate, 

especially considering it is rarely stored in the body and thus reproductive females may 

not be well-buffered from environmental water limitations. Therefore, I found it 

important to examine the relationship between hydric state and immune function in an 

additional organism still capable of considerable fluctuations in osmolality, but under 

more rapid physiological water demands. 

  Children’s pythons (Antaresia childreni) inhabit the wet-dry tropics of northern 

Australia (Wilson and Swan 2003) and experience substantial, natural fluctuations in 

available water resources throughout the year with free-standing water absent for 3-4 

months at a time (Taylor and Tulloch 1985). Despite being characterized as a typical 

capital-breeder for energy resources (Stephens et al. 2009), breeding females face 

dramatic challenges to water balance during reproduction (Lourdais et al. 2013). 

Oviposition typically occurs towards the end of the dry season when females have had 

little access to free-standing water. Coupled with the relative lack of available water, 

developing embryos require greater amounts of water from the mother during later stages 

of gravidity (Deeming 2004; Lourdais et al. 2015) and female water balance is often 

compromised in favor of her developing embryos (Dupoué et al. 2015). Not surprisingly, 

Children’s pythons in the weeks prior to oviposition can undergo significant osmolality 
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increases as females transfer substantial amounts of body water into their eggs 

(Stahlschmidt et al. 2011). 

 Again, using a combination of field and laboratory-based experiments, I found 

that A. childreni in the wild experience considerable bouts of hyperosmolality during 

Austral dry season when they are also reproductive. Hyperosmolality, in the wild or the 

lab, also resulted in enhanced innate immune performance as had been documented in 

other, non-reproductive reptiles (Moeller et al. 2013; Brusch and DeNardo 2017). I used a 

2 x 2 experimental design for the laboratory portion (reproductive and non-reproductive 

females – with or without water) to investigate how reproduction and water-imbalance, 

both separately and combined, impact immune function. I predicted that non-reproductive 

females with water would be normosmic – they had access to a water source and 

relatively low hydric demands. Conversely, I predicted that reproductive females without 

water would have the highest levels of osmolality – they had a combined hydric cost of 

lacking drinking water and giving what little internal water they had to their developing 

eggs. I expected the remaining two treatment groups to have comparable osmolality 

values somewhere between the first two.  

Surprisingly, I did not detect any additive effects of water deprivation and 

reproduction on osmolality. If the increased osmolality in non-reproductive females 

without water was due dehydration and similar increases in reproductive females with 

water was due to the hydric demands of reproduction, it was not clear why there was no 

additive osmolality increases in reproductive females without water. These results 

suggested that reproductive females faced with water deprivation were somehow buffered 

from overt osmolality increases (Brusch et al. 2017 [Appendix B]). Water sources 
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typically fall into three categories: free water (water from drinking), dietary water (that 

present in food), and metabolic water (as a byproduct of metabolism). Because I knew 

these reproductive females did not have access to water or food during the experiment, I 

examined the interactive effect of reproduction and water deprivation on metabolism in 

A. childreni.  

As capital breeders, female A. childreni accumulate large fat reserves prior to 

reproducing which sustains their energic requirements from vitellogenesis through egg 

brooding (Stephens et al. 2009). However, despite water being crucial for reproduction 

(Kleiner 1999), it was unknown whether a capital breeding strategy extends to water 

reserves prior to my dissertation. It was also unclear how females without water were 

seemingly buffered from hyperosmolality during reproduction (Brusch et al. 2017). 

Previous research in non-reproductive mammals and birds found that increased muscle 

catabolism can maintain water balance during periods of hydric imbalance (Bintz and 

Mackin 1980; Gerson and Guglielmo 2011). Gram for gram, protein catabolism only 

provides half the energy compared to fat. However, protein, especially skeletal muscle, is 

stored in >70% bound-water compared to fat which only is only composed of ~10% 

bound-water (Candlish 1981). Mobilizing wet protein yields over five times more water 

than fat when accounting for both metabolic and bound water (Jenni and Jenni-Eiermann 

1998). I accordingly examined the interactive effects of reproduction and water 

deprivation on muscle catabolism. Using a 2 x 2 experimental design (reproductive and 

non-reproductive females – with or without water), I measured physical (body mass and 

epaxial muscle width) and biochemical (osmolality, glucose, triglycerides, total proteins, 

ketones, and uric acid) characteristics to compare between the four treatment groups. I 
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also measured clutch mass and number of eggs between the two reproductive treatment 

groups.  

I found that water deprivation increased protein catabolism and greatly reduced 

body mass in reproductive females. This suggested, because protein is a much lower 

energetic source compared to fat, that the catabolism of proteins was mostly driven by 

water needs. This study was the first to link muscle atrophy during reproduction to water 

allocation requirements of developing offspring. Water deprivation had no impact on the 

number of eggs per clutch. However, females without water produced lighter clutch 

masses compared to females with water. This impact on reproductive output suggests that 

muscle catabolism was not sufficient to completely satisfy the water requirements of the 

developing embryos during gravidity. This also implied that there is a water-based 

parent-offspring conflict for finite hydric resources. Similar transgenerational conflicts 

have been previously demonstrated in other species of snake (Dupoué et al. 2015, 2018) 

and the egg mass difference I found was potentially due to reduced water allocation 

(Brusch et al. 2018 [Appendix C]).  

Maternal hydration has been explored after gestation (Hanson et al. 1994) and as a 

potential cue for reproductive timing (Nelson et al. 1989). However, the direct 

consequences of maternal hydration during gestation is far less understood. Thus far, my 

dissertation work showed that, when water is limited, reproductive snakes have elevated 

plasma osmolality (Brusch et al. 2017) and catabolize greater amounts of muscle mass 

relative to fat to free up bound water (Brusch et al. 2018). Loss of muscle, not 

surprisingly, has been associated with reduced performance by the post-reproductive 

females (Lourdais et al. 2013). As a result, it was assumed that the hydric aspects of the 
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parent-offspring conflict are often compromised in favor of developing embryos (Dupoué 

et al. 2015). However, these assumptions relied on relatively broad, easily assessable 

metrics of reproductive output such as egg mass or volume to examine potential conflicts 

for hydric resources (Dupoué et al. 2015; Brusch et al. 2018), and a more detailed 

examination of egg quality was needed to reveal more cryptic impacts of the parent-

offspring conflict over water resources. 

Using reproductive A. childreni with or without water during gravidity, I next 

examined the impact of maternal hydration on reproductive output. Specifically, whether 

female dehydration altered investment into eggs and subsequently affected egg water 

content and shell development. I also explored whether dehydrated eggs had elevated 

immune performances like what had been documented in dehydrated adults (Brusch et al. 

2017). To do this, I measured a variety of physical (egg mass, water content, water loss 

rate, and shell thickness) and biochemical (yolk osmolality and innate immune 

performance) characteristics in freshly oviposited eggs. As with my previous study 

(Brusch et al. 2018), I found that water-deprived females laid lighter eggs. I also found 

that eggs from water-deprived females were dehydrated as indicated by reduced percent 

water and greater yolk osmolality compared to eggs from females that received ad 

libitum water. Additionally, eggs from water-deprived mothers had thinner shells and 

higher water-loss rates. The impacts were not entirely negative though, as dehydrated 

eggs had higher antimicrobial capabilities. Thinner and more permeability eggshells may 

also allow for elevated rates of rehydration from nest substrate. These results provided 

the first evidence of a water-based mother-offspring intergenerational trade-off in an 

oviparous vertebrate. By examining an array of egg traits, I also demonstrated that 
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dehydration of gravid females impacts the eggs, not just the females as had been 

previously reported (Brusch et al. 2019 [Appendix D]). 

 There remained several important, unanswered questions. It was not clear if 

enhanced immunity in eggs was due to an embryonic response to dehydration or because 

of vertical transmission from mothers. It was also uncertain if thinner shelled eggs could, 

in fact, absorb environmental moisture. In oviparous species, the embryonic experience 

as it develops outside the mother is strongly influenced by the environment (Furness et al. 

2015). Factors such as light (Archer et al. 2009), oxygen (Stahlschmidt and DeNardo 

2009), and temperature (Bull 1980) have been shown to directly affect the physiology of 

the embryo. However, prior to my dissertation, none had examined the impact of 

environmental water availability on the embryo directly. I therefore examined potential 

trans-generational immune effects of female dehydration as well as the effects of egg 

desiccation on embryonic hydration and innate immunity using A. childreni. I used a 2 x 

2 experimental design with water-provided or water-deprived mothers and eggs either 

incubated under continuous optimal conditions or experiencing desiccating conditions for 

24 hours. I found that, regardless of maternal hydration, environmental conditions had the 

only significant impact on embryonic hydration. I also found that embryonic dehydration 

resulted in aspects of innate immunity being elevated. These results demonstrated that, 

similar to adults, embryos independently enhance some metrics of innate immunity when 

they are dehydrated and that their hydration is dynamic and dependent on environmental 

conditions (Brusch and DeNardo 2019 [Appendix E]). 

 While much of the previous research in environmental physiology has explored 

limited energetic resources, I took a novel approach for my dissertation and explored how 
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water (a fundamental, non-energetic resource) interacts with numerous physiological 

functions. Through my experiments on multiple species and life-stages I have 

demonstrated the profound effect that hydration can have on multiple physiological 

systems and life-stages (Appendices A-E). My research has greatly contributed to our 

understanding of physiological dynamics and has laid a foundation for the study of 

hydration immunology as a component of the burgeoning field of environmental 

immunology. Additionally, by expanding our understanding of how reproductive females 

can alter metabolic substrates to reallocate internal water sources during times of water 

scarcity, I have provided an important development in our knowledge of reproductive 

phenology. I have also applied my research questions to include cane toads in Australia, 

which provided the ideal backdrop to effectively infuse my physiological research into a 

critical conservation effort and contributed to our limited understanding of the role of 

rapid adaptation in the range expansion of an invasive species across the globe (Brusch et 

al. In Press).  
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APPENDIX A 

WHEN LESS MEANS MORE: DEHYDRATION IMPROVES INNATE         

IMMUNITY IN RATTLESNAKES 
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APPENDIX B 

REPRODUCTION ALTERS HYDRATION STATE BUT DOES NOT IMPACT 

THE POSITIVE EFFECTS OF DEHYDRATION ON INNATE IMMUNE FUNCTION 

IN CHILDREN’S PYTHONS (ANTARESIA CHILDRENI)  
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APPENDIX C 

MUSCLES PROVIDE AN INTERNAL WATER RESERVE FOR REPRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  41 

 



  42 

 



  43 

 



  44 

 



  45 

 



  46 

 



  47 

 



  48 

APPENDIX D 

DEHYDRATION DURING EGG PRODUCTION ALTERS EGG COMPOSITION 

AND YOLK IMMUNE FUNCTION  
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APPENDIX E 

EGG DESICCATION LEADS TO DEHYDRATION AND ENHANCES INNATE 

IMMUNITY IN PYTHON EMBRYOS 
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