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The red-sided garter snakes (Thamnophis sirtalis parietalis) of Manitoba, Canada, have
been extensively studied for decades with little investigation into their immune system. These
animals live very close to the arctic circle and spend over half of the year underground
brumating. The annual cycle of the red-sided garter snakes make for an interesting model for
investigating the impact of life at extreme latitudes on immune function. Such ecoimmunological
investigations have, as of yet, included few ectothermic vertebrates.
Seasonal and sexual variation of the immune response has been found across vertebrate
taxa. It is also understood that a trade-off exists between reproduction and the constructive
immune response. The research in Chapter 2 of this thesis aims to explore the sexual and
seasonal variation of the antimicrobial capabilities of blood plasma as a measure of variation in
the innate immune response in red-sided garter snakes. Our results support the hypothesis that
the reproduction and immune function trade-off is facultative as antimicrobial capabilities of
plasma were greatest during seasons of active foraging and lowest during seasons where foraging
was not taking place. The only sexual variation detected was found in reproductive animals; with
reproductive animals demonstrating reduced antimicrobial capabilities during some seasons.
In Chapter 3, the antimicrobial capabilities of plasma from naturally injured individuals
were compared to healthy individuals. In this study, we found that injured individuals had
reduced antimicrobial abilities but neither sex of the animal nor severity of the injury had any

correlation with this difference. This study suggests that either prioritization on reproduction or
prioritization within the immune system is occurring in injured animals.
The research in this thesis is setting the groundwork for ecoimmunological investigations
utilizing the red-sided garter snake as a model. The immense amount of research that has taken
place with this population over the past five decades has given us a wealth of information
regarding physiological systems and behaviors that are involved with or related to immune
function. This makes the red-sided garter snake a compelling model for further
ecoimmunological investigations and the work in this thesis provides the foundation necessary
for these further investigations.
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CHAPTER 1: INTRODUCTION
Leslie Blakemore

2
ECOIMMUNOLOGY
Ecoimmunology attempts to determine the consequences of different immune defenses.
These consequences are typically in the context of benefits, costs, and fitness of the organism as
a result of their immune defense. This field seeks to explain variation in immunity in the context
of an organism’s life history (Lee 2006). A major challenge of ecoimmunology includes testing
and interpreting relevant components of the immune system while capturing variability among
populations of non-model species, which leads to the question of ‘what to measure’ (Dugovich et
al. 2017). Within ecoimmunology, resource and energy availability are major influences of lifehistory trade-offs. These factors are critical not only because of their influence on physiological
processes; they are of major importance because concepts and findings of ecoimmunology only
make sense within the context of the organism’s environment (French et al. 2009). In general,
immune defenses and the cost of immunity depend on factors including the type of challenge,
response timing, and condition of the animal (Demas et al. 2012; Smith et al 2017).
Ecoimmunology integrates both the ecology and evolution of an organism by focusing on
immune responses that are under conditions likely to be found in the organism’s natural
environment (Demas et al. 2012).
Lee (2006) integrated immunological and life history traits to create a framework to be
used to formulate predictions and interpret variation of immune parameters in vertebrates. His
work considered both specific and nonspecific areas of immunity at both the individual and
species level. Lee’s framework predicts that species that are “fast-living,” defined as those with
high reproductive, but low survival rates, are more likely to rely on nonspecific and
inflammatory immune defenses while “slow-living” species should rely more on specific

3
antibody-mediated immune responses (Lee 2006). Lee also considered the level of individuals
within a species and predicted that nonspecific defenses should be downregulated in individuals
experiencing increased resource demands, such as those tasked with large reproductive efforts.
Down-regulation of nonspecific immune components should also occur during the most
demanding periods of the year, i.e. breeding season, and in individuals investing more in a
specific energetically costly activity such as females during reproduction (Lee 2006). When a
trade-off between reproduction and survival is required, “fast-living” species are believed to
invest more in current reproduction rather than survival and future reproduction when compared
to “slow-living” species, which are expected to favor survival over current reproduction
(Promislow and Harvey 1990). These predictions are, in part, based on the estimated costs of
immune defenses. While the costs of nonspecific immunity have not been conclusively
measured, they are thought to be comparatively low based on the low rates of cell turnover when
an immune challenge is not occurring and the small mass accounted for by nonspecific immune
proteins and cells (Klasing and Leshchinsky 1999).
Ecoimmunological studies allow for a better understanding of why and in what ways
immune systems are polymorphic in nature and allow for predictions of how natural selection
acts on the immune system based on environmental and physiological factors (Graham et al.,
2011). These studies provide an explanation of the ecological and evolutionary causes and
consequences of immune defense variation within and among species (Lee 2006). I used the redsided garter snakes (Thamnophis sirtalis parietalis) of the Interlake region of Manitoba, Canada,
a “fast-living” ectotherm, as a model to study the possible trade-off between reproduction and
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antimicrobial plasma proteins that are a part of the innate immune system and serve as the ‘first
line of defense’ in many vertebrate species.

THE IMMUNE SYSTEM OF ECTOTHERMIC VERTEBRATES
It is well understood that physiological systems interact through trade-offs. All organisms
have an energy budget, that is, a total amount of energy that the organism can spend at any one
time. When one system needs more of that energy, others systems will have less energy devoted
to them, i.e. a “trade-off” will occur. For example, reproduction is energetically expensive,
especially during time periods when extra energy is devoted to reproductive development and/or
mating behaviors such as courtship or mating displays. The amount of energy devoted to some
other systems, such as the immune system, will be suppressed during such time periods when
reproductive cost is high (Demas et al., 2012; French et al., 2007a; French et al., 2007b;
Lochmiller and Deerenberg, 2000; Richard et al., 2012; Van Dyke and Beaupre, 2011; Martin et
al., 2008).
Immunological studies have found that seasonal and sexual variation in immune function
is a common occurrence in vertebrates and while mechanisms involved are not fully understood,
components such as temperature, hormone fluctuations, and photoperiod are believed to be
contributing factors, especially in ectotherms (Ahmed and Talal, 1990; Bowden et al., 2007;
Farag and El Ridi, 1985; Kortet et al. 2003; Leceta and Zapata, 1986; Martin et al., 2008;
Morvan et al., 1998; Muñoz and De la Fuente, 2001; Muñoz et al., 2000; Nelson, 2004; Nelson
and Demas 1996; Nunn et al., 2009; Pennell et al., 2012; Saad et al., 1990; Slater and Schreck,
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1998; Zapata et al., 1983; Zapata and Torroba, 1992; Zimmerman et al., 2010; Zimmerman et al.,
2009).
Many studies on ectotherms have focused on monitoring threatened or endangered
species. These studies commonly attempt to use immune measures including antibody levels or
measures of innate immune function to assess stress or overall population health (Davis et. al,
2008; Rousselet et al., 2013). Some studies have focused on the adaptive branch of the immune
system, often within the context of evolutionary biology or antibody structure and response
(Flajnik 1996; Gambón-Deza et al., 2006; Gambón-Deza et al., 2012; Leceta and Zapata, 1986;
Rousselet et al., 2013). Other immune studies on ectothermic vertebrates have focused on the
effects of environmental factors (i.e. temperature and photoperiod) on immune function,
including seasonal variation of the innate immune system. Many immune factors have been
found to be influenced by temperature in ectotherms including: bacterial killing abilities of
plasma in red-eared sliders (Trachemys scripta) (Zimmerman et al., 2010), proliferation of
spleen cells in hissing sand snakes (Psammophis sibilans) (Farag and El Ridi, 1985),
antimicrobial abilities of complement proteins in crocodilians (Merchant et al., 2003; Merchant
and Britton, 2006), and complement lysis activity in rainbow trout (Oncorhynchus mykiss)
(Nikoskelainen et al., 2004). Some of these studies determined that warmer temperatures, and
thus warmer seasons, were correlated with increased immune functions while others found that
decreased immune capabilities occurred outside of the organisms’ optimal temperature range.
Temperature alone is not the only factor in these studies as peak immune function occurred
before peak ambient temperatures for multiple immune parameters (Zimmerman et al., 2010) and
changing environmental conditions were also correlated with changes in immune parameters
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(Farag and El Ridi, 1985). Temperature during development may also influence which immune
defenses are more often utilized in ectotherms. When comparing complement activity and
lymphocyte numbers of sockeye salmon (Oncorhychus nerka) reared at different temperatures
(8°C and 12°C), it was found that the immune system of those reared at a lower temperature
relied more on non-specific defense while those reared at a warmer temperature relied more on
specific defenses (Alcorn et al., 2002).
The influence of factors such as photoperiod and resource availability has also been
investigated in ectotherms. Results from studies focused on the impact of photoperiod on
immune function have found seasonal decreases in parameters such as lymphatic tissue mass and
antibody titer during long summer days in reptiles and birds (Zapata et al., 1992), increased
complement activity during the day when compared to night in gilthead sea bream (Sparus
aurata) and sea bass (Dicentrarchus labrax) (Esteban et al., 2006), and decreased humoral
antibody responses during short winter-like days in small mammals (Nelson and Demas 1996;
Nelson 2004). Female tree lizards (Urosaurus ornatus) demonstrated that when an increase in
reproductive investment was combined with limited resources, immune function decreased
(French et al., 2007a) and when an immune challenge is combined with limited resources,
reproduction is suppressed (French et al., 2007b). Even without resource limitation, mounting an
immune response has been shown to decrease litter mass in the common lizard (Zootoca
vivipara) (Meylan et al., 2013).
When sexual variation of immune parameters is observed in vertebrates, females often
have the stronger immune response when compared to males. It is believed that this sexual
variation is at least in part related to differing fluctuations in sex hormone concentrations since
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sex hormones (i.e. testosterone) and other hormones (i.e. corticosterone and oxytocin) often act
as immune modulators (Ahmend and Talal, 1990; Boughton et al., 2007; Detillion et al., 2003;
Duffy et al., 2000; French et al., 2009; Graham S. P. et al., 2011; Kimbrell and Beutler, 2001;
Neumann-Lee and French, 2013; Nunn et al., 2009; Pennell et al., 2012; Saad, et al., 1990;
Schuurs and Verheul, 1990; Zapata et al., 1983). For example, non-breeding European starlings
(Sturnus vulgaris) demonstrate suppression of both cell-mediated and humoral immunity in
testosterone-treated birds (Duffy et al. 2000) and testosterone treated male dark-eyed juncos
(Junco hyemalis) demonstrated suppressed antibody production or decreased cell-mediated
immunity (Casto et al. 2000). Testosterone contributes to regulation of immune function in the
ocellated skink (Chalcides ocellatus) and at high levels is immunosuppressive by depletion of
lymphoid cells and decreased antibody titers (Saad, et al., 1990). Often, variations in immune
parameters of vertebrates tend to demonstrate differences based on reproductive or breeding
stage (French et al., 2009). In reproductive male Japanese quails (Coturnix coturnix), immunity
was suppressed in intact birds when compared to castrates (Boughton et al. 2007). Pregnant
cottonmouth snakes (Agkistrodon piscivorus) demonstrated reduced bacterial lysis capabilities of
plasma when compared to non-pregnant snakes (Graham et al., 2011). Reduction in immune
parameters such as decreased bacterial killing ability of plasma in chinook salmon
(Oncorhynchus tshawytscha) late in migration and during spawning (Dolan et al., 2016) and
reduced spleen size in teleost fish leading up to spawning (Kortet et al., 2003) have been
observed. Increased reproductive effort in in the collared flycatcher (Ficedula albicollis) reduced
specific antibody production (Nordling et al., 1998), and in the common lizard, Zootoca vivipara,
polyandrous females exhibit a higher PHA response but fewer and/or less fit offspring when
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compared to monandrous females (Richard et al., 2012). As with environmental factors, it is
clear that sex and reproductive investment or strategy can influence immunity and therefore,
studying the trade-off between immunity and reproduction across many species is necessary to
fully understand this interaction.
Physiologically, a response to an immune challenge is typically costly, especially when
compared to the cost of maintenance of immune components. The immune system is commonly
associated with physiological trade-offs, especially when considering other physiologically
costly activities such as reproduction (Bonneaud et al, 2003; Boughton et at., 2007; Demas et al,
2011; French et al., 2007a; Klasing and Leshchinsky 1999; Lochmiller and Deerenberg 2000;
Meylan et al., 2013; Ots et al., 2001; Smith et al., 2017; Zuk and Stoehr, 2002). Often
experiments related to this trade-off do not test metabolic expenditure directly; rather they test
how either an increase in reproductive effort or a decrease in available resources influences the
other system. Such energetic trade-offs have frequently been resolved in favor of reproduction.
Male red-sided garter snakes (Thamnophis sirtalis parietalis) reduced their mating effort when
immune challenged during their mating season (Uhrig, 2015). Lactating bighorn sheep (Ovis
canadensis) and reproductive great tits (Parus major) demonstrated an increased parasite burden
when resources were restricted (Festa-Bianchet 1989; Norris et al. 1994). In house sparrows
(Passer domesticus), immune challenge resulted in a dramatic drop in feeding rate and
reproductive success (Bonneaud et al., 2003) and an increase in the resting metabolic rate
suggesting that immune activity increases energy expenditure (Martin et al., 2003). However,
this trend of favoring reproduction is not always the case. Collared flycatchers (Ficedula
albicollis) demonstrated mixed results as females with an artificially enlarged number of
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nestlings showed lower levels of specific antibodies, but only in one of two years of the
experiment (Cichoń ei al., 2001). Collared flycatchers also demonstrated a decrease in specific
antibodies and increased parasite load when experimentally increasing reproductive effort
(Nordling et al., 1998). In the mosquito (Anopheles gambiae) and in female mallee dragons
(Ctenophorus fordi), immune challenge resulted in fewer resources being allocated toward
reproduction (Ahmed et al., 2008; Uller et al., 2006), demonstrating a reproductive immune
trade-off.
While the discussed studies focus on ectotherms, most of what we know about
immunology is based on studies conducted on endotherms. More studies on ectothermic
vertebrates are important in this field as functional differences in the innate and adaptive immune
responses of ectotherms differ significantly from those of endotherms (Zimmerman et al., 2010).
Humoral responses of endotherms are much faster than those in ectotherms and secondary
immunization often fails to produce an increased titer of antibodies in ectotherms and such
antibodies typically have lower affinity to their antigens (Grey, 1963; Marchalonis et al., 1969;
Kanakambika and Muthukkarauppan, 1972; Ingram and Molyneux, 1983; Origgi et al., 2001;
Pye et al., 2001).
A previous experimental wound healing study found that immune function varies with
stage and context in reproductive tree lizards (Urosaurus ornatus) (French et. at. 2007c). This
study found that females in more energetically demanding periods of reproduction, specifically
those undergoing vitellogenesis, had reduced healing rates when compared to females in other
reproductive stages, but only in the field. Interestingly, this study also found that males
demonstrated reduced healing during the reproductive season in the lab but not in the field
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(French et al. 2007c). Other experimental studies have explored trade-offs related to wound
healing in different organisms. Multiple experimental studies have investigated the impact of
stress on wound healing and have found stress reduces wound healing abilities and/or stress
reduces other components of the immune response in wounded individuals (French et al. 2005;
Marucha et al. 1998; Neumann-Lee and French 2013; Padgett et al., 1998; Rojas et al. 2002).
These examples and others demonstrate how the life history of an organism and specific
conditions of its environment and physiological state dictate many aspects of the immune
response of the organism. Understanding how life history traits and environmental conditions
influence immunity is critical to understanding the immune system as a whole and to
understanding patterns that exist in nature regarding the immune response, especially in
ectothermic vertebrates. Therefore, it is important to study these trade-offs in more ectothermic
species, especially those that have been well studied in other physiological and behavioral
characteristics.

THE RED-SIDED GARTER SNAKE SYSTEM
The Interlake region of Manitoba, Canada, in spring (late April) is a barren landscape of
limestone and leafless aspen trees, reflective of its recent geologic history. Sinkholes and cracks
in the limestone expose the underground hibernacula of the red-sided garter snakes. It is deep in
these “dens” where the garter snakes undergo brumation to survive the long, harsh winter.
Brumation is a state in which an organism (often nonavian sauropsids, i.e. reptiles) will decrease
physiological functions in a manner similar to mammals in hibernation. After an approximately
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seven month brumation period, garter snakes emerge to the surface and mate at the den site
before migrating to their summer feeding grounds. Males emerge first and will stay at the site
without eating for up to three weeks (O’Donnell et al., 2004). Body conditions during this time
have been described as “near starvation” (Aleksiuk and Stewart, 1971). During brumation, redsided garter snakes experience almost freezing temperatures with their minimal body
temperatures (~1°C) occurring around one month prior to emergence. At the time of emergence,
their body temperatures range from about 0.5°C early in the spring to approximately 6°C towards
the end of the spring (Lutterschmidt et. al, 2006). Normal activity of these snakes occur at a
temperature range of 18°C to 30°C with maximum food intake occurring between 20°C and
30°C (Aleksiuk, 1976). Therefore, red-sided garter snakes have an annual body temperature
fluctuation of around 30°C. These garter snakes are the most northerly living reptiles in the
Western hemisphere (Krohmer et al., 1989) and as such experience very long summer days. This
environment is close to the arctic circle and it is understood that as organisms get further from
the equator, the influence of environmental factors (i.e. temperature and/or photoperiod) on the
physiology of an animal increase (Bowden et al., 2007). This makes the red-sided garter snake a
compelling model for addressing questions related to how behaviors or physiological processes,
like immune function, are impacted by life in seasonally extreme environmental conditions.
Many of the behavioral, physiological, and chemical aspects of this example of “scramble
competition polygyny” (Thornhill and Alcock 1983) have been studied in depth over the past
few decades; however, to date there has been little focus on the immune system. Since these
snakes undergo brumation underground for more than half of the year, they experience a very
dramatic photoperiod difference between seasons. It is reasonable to predict that these organisms
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experience seasonal variation in the function of their innate immune system in a manner similar
to other ectothermic vertebrates. Temperature and photoperiod are probably not the only factors
accounting for this variation but are thought to be large contributing factors.
Garter snakes in this population emerge from brumation with greatly elevated
corticosterone concentrations that decrease as they transition into feeding mode. Male garter
snakes in this population emerge with elevated testosterone that quickly drops following
emergence, resulting in low circulating sex steroid concentrations during most of the mating
season (Cease et al., 2007; Krohmer, et al., 1987; Lutterschmidt, 2014). Throughout the mating
season, males will mate with multiple females, if possible. As females emerge from the den,
males quickly swarm around them creating large mating balls composed of many courting males
(anywhere from 10-100) and a single female. Following non aggressive, yet vigorous,
competitive courtship, the female may become receptive to a male allowing for copulation to
occur. The males’ hemipenes have large spines that help hold the hemipene in place for the
duration of copulation, lasting, on average, 13.5 minutes. When copulation is complete, the male
leaves a sperm filled mating plug in the female’s cloaca (Shine et al., 2000; Friesen et al.,
2013a). Some sperm is found in the seminal fluid, but most is released from the copulatory plug
over the next 24 hours as the plug dissolves (Friesen et al., 2013a). The plug also acts as a mateguarding tool by physically blocking future copulations until the plug has dissolved. Females can
mate with multiple males over the next few days before migrating to their summer feeding
grounds. As a result of this temporal distribution, the operational sex ratio at the den site is
biased against females (approximately 1000:1) throughout the mating season even though the sex
ratio for the population is approximately equal (Emlen and Oring 1977; Friesen et al., 2013a;
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Friesen et al., 2013b; Friesen et al., 2014; Gregory 1974; Gregory 1977; Gregory and Steward
1975; Shine et al., 2001a).
Previous studies on garter snake immunology have focused on topics including the
developmental plasticity of the immune response in relationship to ecotype (Palacios et al., 2011;
Sparkman and Palacios 2009), histology and temperature effects of cutaneous wound healing
(Smith and Baker, 1998; Smith et al., 1988) and antibody presence and function (Coe et al.,
1976). However, to my knowledge, no studies have investigated the long-term effects of
gestation on the innate immune response, specifically the level of antimicrobial proteins, in an
ectothermic vertebrate with seasonally variable immune function. Further, no field studies on
ectothermic vertebrates have attempted to determine whether naturally injured individuals during
the energetically costly reproductive season exhibit different antimicrobial capabilities. These
areas, and others, warrant investigation in order to better understand how natural selection acts
on organisms, especially those found at extreme latitudes, and how these selective pressures
impact the trade-off between reproduction and nonspecific immune functioning.
OBJECTIVES
The trade-offs between the antimicrobial components of the immune system and
reproduction in red-sided garter snakes has not been investigated. By exploring this potential
trade-off, this research lays the groundwork for further ecoimmunological investigations into the
immune system in red-sided garter snakes. This research has also broadened our understanding
of the trade-offs between reproduction and some components of innate immunity in ectothermic
vertebrates. To investigate this potential trade-off, I tracked the seasonal and sexual variation in
bacterial killing abilities of diluted plasma from red-sided garter snakes. This method is an in
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vitro measure of the relative amount of anti-microbial proteins in circulation, which serve as a
first line of defense in many vertebrates. This longitudinal laboratory study included male garter
snakes and both mated and unmated females to further elucidate the impacts of gestation on
antimicrobial plasma protein concentrations. Differences in antimicrobial capabilities of plasma
between the three groups in the field during the mating season were also investigated by
applying the same methods with plasma collected 24 hours after mating.
I subsequently conducted an observational field study on naturally injured red-sided
garter snakes during the mating season. This investigation utilized the same bacterial killing
assay techniques to investigate if differences in antimicrobial protein levels exist in naturally
injured, compared to healthy individuals during the energetically costly mating season. This
study also served to determine if the sex of the animal or the severity of the injury was a factor
contributing to any differences in the bacterial killing ability of the snakes’ plasma following
natural injury. While this is not an experimental wound healing study, this observational study
investigated innate immune components (antimicrobial plasma proteins) of naturally injured
animals during a highly costly and stressful season.
I predicted that seasonal and sexual variation in the bacterial killing abilities of diluted
red-sided garter snake plasma would be found in this study. I hypothesized that the variation of
the bacterial killing abilities of garter snake plasma would be similar to studies in other
ectotherms. Further, I predicted that the highest levels of bacterial killing abilities of plasma
would occur in summer and fall when the animals are actively feeding and decreased killing
abilities would be seen during winter and spring when the snakes are dependent on energy
reserves (i.e. stored fat). I predicted that unmated females would have a greater bacterial killing
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ability when compared to males, but that mated/gestating females would have lower bacterial
killing abilities when compared to both males and unmated females. These predictions are
similar to results of previous studies on seasonal variation in immune function in other
ectotherms (Bowden et al., 2007; Muñoz and De la Fuente 2001; Muñoz et al., 2000; Saad et al,
1990; Slater and Schreck, 1998; Zapata, et al., 1992; Zimmerman et al., 2010). I predicted that
lower killing abilities of plasma from mated/gestating females found in summer and/or fall
would still be evident in the following spring. To my knowledge, this is the first study of its kind
that has included a winter and the following spring time points to investigate the long-term
effects of gestation on antimicrobial properties of the innate immune system.
For the natural injury study, I predicted that the bacteria killing abilities of plasma from
injured snakes would be the same as or lower when compared to healthy counterparts. I predicted
if injured snake plasma did have higher bacterial killing abilities when compared to healthy
snakes, this trend would only be found in either females and/or severely injured snakes as a
result of up-regulation of plasma proteins and thus an increased concentration of those proteins
in circulation. I based this prediction in part on the difference in energy expenditure between
males and females during the mating season. Males exhibit energetically costly courtship
behavior (Friesen et al., 2017) and spend longer periods of time at the den site and therefore have
more restrictive energy reserves. Also, male reproduction is complete after successful mating
whereas females need to survive until fall for their mating to be successful, suggesting that there
could be a stronger selective pressure for female garter snakes to invest in survival during this
time period compared to males. A previous study investigating mortality at the den sites in these
animals found that females were more likely to be victims of predatory attacks (Shine et al.,
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2001b), which also suggests an increased selective pressure on females to survive predatory
injuries compared to males. To my knowledge, this is the first study to date that investigated the
components of innate immunity in naturally injured wild animals.
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CHAPTER 2: SEASONAL AND SEXUAL VARIATION OF ANTIMICROBIAL
PLASMA PROTEINS IN RED-SIDED GARTER SNAKES (THAMNOPHIS SIRTALIS
PARIETALIS)

Leslie Blakemore, Brian Dolan, and Robert T. Mason
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ABSTRACT
Seasonal and sexual variation in components of the innate immune response including
plasma bacterial killing abilities is well documented in vertebrates. Relatively few studies have
explored immune functioning in ectothermic vertebrates. This longitudinal, observational study
investigated whether the bacterial killing abilities of red-sided garter snake blood components
exhibit seasonal or sexual variation in bacterial killing ability. This study included both mated
and unmated females to determine if gestation and/or birth of neonates affect the antimicrobial
abilities of the snakes’ plasma during both fetal development and post-partum seasons. We
found increased bacterial killing abilities of garter snake plasma in summer and fall when
compared to the plasma killing abilities in winter and spring seasons. No statistically significant
differences were found between males and unmated females either between or across seasons,
but plasma from mated females was found to have significantly lower bacterial killing abilities
when compared to unmated females during the winter and spring following reproduction and
when compared to males during the winter following reproduction. Mated females were further
analyzed by sub-categorization and comparison. Subgroups included: females that gave birth to
neonates at the end of the summer, females that were gravid but did not give birth to neonates,
and mated females that did not become gravid. All groups were compared to one another and to
unmated females between and across seasons. Our results indicate that seasonal variation in
bacterial killing abilities of plasma occurs between seasons of high resource availability when
compared to seasons of low resource availability, however, sexual variation only occurs in
reproductive female red-sided garter snakes.
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INTRODUCTION
The immune system is highly advanced in vertebrates and includes fast acting nonspecific (innate) and slower specific (adaptive) components. In general, immune defenses and the
cost of immunity depend on factors including the type of immune challenge, response timing,
and overall condition of the animal (Demas et al. 2012; Smith et al 2017). All organisms have an
energy budget, that is, a total amount of energy that the organism can spend at any one time.
When one system needs more of that energy, other systems will have less energy devoted to
them, i.e. a “trade-off” will occur. For example, reproduction is energetically expensive,
especially during periods when extra energy is devoted to reproductive development and/or
mating behaviors such as courtship or mating displays. The amount of energy devoted to some
other systems, such as the immune system, will then be suppressed during such time periods
when reproductive cost is high (French et al., 2007a; French et al., 2007b; Lochmiller and
Deerenberg, 2000; Martin et al., 2008; Richard et al., 2012; Van Dyke and Beaupre, 2011).
Within ecoimmunology, resource and energy availability are major influences of life-history
trade-offs. These environmental factors are critical not only because of their influence on
physiological processes; they are of major importance because “nothing in ecoimmunology
seems to make sense except in the context of an organisms’ environment” (French et al. 2009).
Most of what we know in regard to immunology has been the result of work conducted
on endothermic vertebrates. Comparatively few studies have been conducted on ectothermic
vertebrates with many such studies focused on monitoring threatened or endangered species.
These studies commonly attempt to use immune measures including antibody levels or measures
of innate immune function to assess stress or overall population health (Davis et. al, 2008;
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Rousselet et al., 2013). Other studies have focused on the adaptive branch of the immune system,
often within the context of evolutionary biology or antibody structure and response (Flajnik
1996; Gambón-Deza et al., 2006; Gambón-Deza et al., 2012; Leceta and Zapata, 1986; Rousselet
et al., 2013).
Ecoimmunological studies have found that seasonal and sexual variation in immune
function is a common occurrence in vertebrates. While the mechanisms involved are not fully
understood, components such as temperature, hormone fluctuations, and photoperiod are
believed to be contributing factors, especially in ectotherms (Ahmed and Talal, 1990; Bowden et
al., 2007; Farag and El Ridi, 1985; Kortet et al. 2003; Leceta and Zapata, 1986; Martin et al.,
2008; Morvan et al., 1998; Muñoz and De la Fuente, 2001; Muñoz et al., 2000; Nelson, 2004;
Nelson and Demas 1996; Nunn et al., 2009; Pennell et al., 2012; Saad et al., 1990; Slater and
Schreck, 1998; Zapata et al., 1983; Zapata et al., 1992; Zimmerman et al., 2010; Zimmerman et
al., 2009). Studies on ectothermic vertebrates are important in this field as functional differences
in both innate and adaptive immune responses of ectotherms differ significantly from those of
endotherms (Zimmerman et al., 2010). Humoral responses of endotherms are much faster than
those in ectotherms and secondary immunization often fails to produce an increased titer of
antibodies in ectotherms and such antibodies typically have lower affinity to their antigens
(Grey, 1963; Marchalonis et al., 1969; Kanakambika and Muthukkarauppan, 1972; Ingram and
Molyneux, 1983; Origgi et al., 2001; Pye et al., 2001). Some immune studies on ectothermic
vertebrates have focused on the effects of environmental factors (i.e. temperature and
photoperiod) on immune function, including seasonal variation of the innate immune system.
Often, temperature is a key factor in immunocompetence with warmer seasons corresponding to
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strong immune function when compared to cooler seasons (Farag and El Ridi, 1985; Bowden et
al., 2007; Slater and Schreck, 1998; Morvan et al., 1998; Muñoz and De la Fuente, 2001; Muñoz
e al., 2000; Zapata et al., 1983; Zapata and Torroba, 1992; Zimmerman et al., 2010; Zimmerman
et al., 2009). Resource availability is also a major factor when it comes to the immune system,
especially when considering reproduction. Previous work in female tree lizards (Urosaurus
ornatus) showed that when an increase in reproductive investment was combined with limited
resources, immune function decreased (French et al., 2007a). Results from a follow-up study
showed that when an immune challenge is combined with limited resources, reproduction is
suppressed (French et al., 2007b). These results emphasize the trade-off between these two
systems. Even without resource limitation, mounting an immune response has been shown to
decrease litter mass in the common lizard, Zootoca vivipara, (Meylan et al., 2013).
These examples and others demonstrate how the life history of an organism and specific
conditions of its environment and physiological state dictate varying aspects of the immune
response of the organism. Understanding how life history traits and environmental conditions
influence immunity is critical to understanding the immune system as a whole and to
understanding patterns that exist in nature regarding the immune response, especially in
ectothermic vertebrates. Therefore, it is important to study these trade-offs in ectothermic
species, especially those that have been well studied in other physiological and behavioral
characteristics.
The Interlake region of Manitoba, Canada, in spring (late April) is a barren landscape of
limestone and leafless aspen trees, reflective of its recent geologic history. Sinkholes and cracks
in the limestone expose the underground hibernacula of the red-sided garter snakes. It is deep in
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these “dens” where the garter snakes undergo brumation to survive the long, harsh winter.
Brumation is a state in which an organism (often nonavian sauropsids) will decrease
physiological functions in a manner similar to mammals in hibernation. After an approximately
seven month brumation period, garter snakes emerge to the surface and mate at the den site
before migrating to their summer feeding grounds. Males emerge first and will stay at the site
without feeding for up to four weeks (O’Donnell et al., 2004). Body conditions during this time
have been described as “near starvation” (Aleksiuk and Stewart, 1971). During brumation, redsided garter snakes experience almost freezing temperatures with their minimal body
temperatures (~1°C) occurring around one month prior to emergence. At the time of emergence,
their body temperatures range from about 0.5°C early in the spring to approximately 6°C towards
the end of the spring (Lutterschmidt et. al, 2006). Normal activity of these snakes occur at a
temperature range of 18°C to 30°C with maximum food intake occurring between 20°C and
30°C (Aleksiuk, 1976). Therefore, red-sided garter snakes have an annual body temperature
fluctuation of around 30°C. These garter snakes are the most northerly-living reptiles in the
Western hemisphere (Krohmer et al., 1989) and as such experience very long summer days.
Since these snakes undergo brumation underground for more than half of the year, they
experience a very dramatic photoperiod difference between seasons. It is reasonable to predict
that these organisms experience seasonal variation in the function of their innate immune system
in a manner similar to other ectothermic vertebrates. Temperature and photoperiod are probably
not the only factors accounting for this variation but should be large contributing factors.
Garter snakes in this population emerge from brumation with greatly elevated
corticosterone concentrations that decrease as they transition into feeding mode. Male garter
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snakes in this population emerge with elevated testosterone that quickly drops following
emergence, resulting in low circulating sex steroid concentrations during most of the mating
season (Cease et al., 2007; Krohmer, et al., 1987; Lutterschmidt, 2014). Corticosterone levels are
sensitive to environmental factors with chronically elevated levels resulting in
immunosuppression and it has been suggested that corticosterone could be the main
immunomodulatory hormone in avian species, especially when individuals are breeding (O’Neal,
2013). Testosterone contributes to regulation of immune function in the ocellated skink
(Chalcides ocellatus) and in high levels is immunosuppressive by depletion of lymphoid cells
and decreased antibody titers (Saad, et al., 1990).
Red-sided garter snakes have been the focus of intensive study for decades, but little is
known about their immune system. Previous studies on garter snake immunology have focused
on topics including the developmental plasticity of the immune response in relationship to
ecotype (Palacios et al., 2011; Sparkman and Palacios 2009), histology and temperature effects
of cutaneous wound healing (Smith and Baker, 1998; Smith et al., 1988) and antibody presence
and function (Coe et al., 1976). The aforementioned studies and others allow for a basic
understanding of variation in the innate immune response in ectotherms including which
environmental conditions tend to influence components of the immune system. However, to my
knowledge, no studies have investigated the long-term effects of gestation on the innate immune
response, specifically the level of antimicrobial proteins, in an ectothermic vertebrate with
seasonally variable immune function. These areas, and others, are worth investigating in order to
better understand how natural selection acts on organisms, especially those found at extreme
latitudes, and how these selective pressures impact the trade-off between reproduction and
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nonspecific immune functioning. Further information about their immune system can be
interpreted in the context of their reproduction and physiology as part of ecoimmunological
investigations in order to add to our understanding of the overall immune response of
ectotherms.
This study aims to determine if seasonal or sexual variation in bacterial killing abilities of
plasma occur in red-sided garter snake plasma and if gestation influences any variation. To
determine this, bacterial killing ability assays were conducted with plasma collected from male,
unmated female, and mated female red-sided garter snakes during four different seasons
(summer, fall, winter, and spring). This longitudinal laboratory study used the same individuals
at each time point in order to reduce the effects of natural variation within the population. Since
no artificial immune challenges were administered, any variation found in antimicrobial abilities
is reflective of the snakes’ ability to fight foreign invaders at any given time rather than variation
in ability to mount a response. An observational field study was also conducted to test the
bacterial killing abilities of healthy individuals during the mating season. This portion of the
study was completed with plasma collected from red-sided garter snakes 24 hours after mating
during the peak of the mating season.
We predicted that seasonal and sexual variation in the antimicrobial properties of redsided garter snakes would be found in this study with unmated females demonstrating the
greatest bacterial killing abilities in all seasons and mated females demonstrating the lowest,
especially in seasons of low resource availability. For the field component of this study, our
predictions were essentially the same in that we predicted unmated females would have the
greatest bacterial killing ability and that mated females would have the lowest bacterial killing
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abilities. These predictions were based on the commonality of greater immune responses in
females and the trade-off between immunity and reproduction that often results in decreased
immune parameters in reproductive individuals.

MATERIALS AND METHODS
Experimental Design
To determine if red-sided garter snakes demonstrate seasonal and/or sexual variation in
the production of antimicrobial proteins as part of their innate immune response, bacterial killing
assays (BKA) with both male and female garter snake plasma from 4 seasonal time points
(summer, fall, winter, spring) were compared. To determine if the reproductive
status/developmental state of embryos affects the bacterial killing ability of the mother’s plasma,
both mated and unmated female groups were included in this longitudinal study. Of the seasonal
time points, three are reflective of the different reproductive states including: spring mating
season, summer gravid season (pre-birth), and fall neonate season (post-birth). The
winter/brumation time point was included to determine if any differences in bacterial killing
ability earlier in the year are still evident during brumation when the females are no longer
gravid and individuals are no longer able to acquire additional energy. A spring field sample was
also obtained for each group during the peak of the mating season 24 hours after the mated
female group mated. See Table 1. for final sample sizes of each group for each time point.
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Animal Collection and Husbandry
During the peak of the mating season in spring of 2016, red-sided garter snakes were
captured by hand at their den site near Inwood, Manitoba, Canada. All animals were brought to
the research station in Chatfield, Manitoba, Canada where their snout-vent-length (SVL) in mm
and body mass (BM) in grams were measured and recorded. All animals were housed in seminatural nylon cubic meter enclosures with water provided ad libitum. All females (approximately
120 total) were captured while they were newly emerging from the den to ensure they had not
had the opportunity to mate. Of those females, a randomly selected group of 50 were set aside as
the unmated female group. Males (~150) were also collected at the den site. Of the males
collected, a randomly selected group of 50 were chosen to be the male group for this study while
the remaining approximately 100 males were used for mating with the remaining collected
females. The remaining females and the mating males were placed into semi-natural nylon
arenas (1m ) and allowed to mate. The mated female group was composed of the first 50 females
3

to mate. Following mating, the mated males and any remaining females were released unharmed
at their location of capture. All animals kept for this study were transported to Oregon State
University (OSU) in Corvallis, Oregon at the end of the mating season where they were housed
inside 10-gallon aquaria located in environmentally controlled chambers which were set to a 16
hour day cycle at 20°C and an 8 hour night cycle at 16°C, similar to the conditions of the local
range within Manitoba, Canada. All animals had water provided ad libitum and were fed a
combination of salmon fry and nightcrawlers once per week. All individuals had access to a heat
lamp for basking, a rock to facilitate shedding, and locations where they are able to hide such as
under an egg crate or in a paper towel tube.
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Plasma Sample Collection and Storage
In the field, 0.4mL of blood was drawn from the caudal vein of all individuals
approximately 24 hours after mating had occurred using a heparinized 1cm syringe with a sterile
3

25-gauge needle. All animals were cleaned with 0.5% chlorhexidine and 100% ethanol at the
puncture site directly before blood draws to ensure a sterile sample and to prevent the
introduction of any bacteria into the snakes’ blood stream. Blood was kept on ice until it was
centrifuged at 7000 RMP for 10 minutes. Plasma samples were frozen at -20°C. Plasma was kept
frozen throughout the field season and transported on dry ice (-80°C) to OSU. At OSU, plasma
was stored at -80°C.
Blood draws were repeated in the laboratory during the mid-summer (early August), fall
(mid-November), during brumation (mid-February), and at the time of emergence (mid April).
All animals were returned to and released at the site of capture during spring (late April) of 2017.
Statistical analysis was completed only for snakes that survived the entire year. Final sample
sizes for this longitudinal lab study are as follows: 30 mated females, 23 unmated females, and
16 males. All animal collection/husbandry and blood collection were in accordance with Oregon
State University Institutional Animal Care and Use Committee, protocol. ACUP-#4818.

Bacterial Killing Assay (BKA)
Gentamycin-resistant Escherichia coli cells were plated on LB agar plates containing
10μg/mL gentamycin sulfate (MP Biomedicals LLC, 105030-QR12272). The plates were
cultured for 2 days at 37°C. Three similarly sized colonies were collected using a BBL Prompt
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system (BD Biosciences, VWR) to allow for a relatively consistent amount of bacterial cells for
each completed BKA. The collected bacteria were vortexed for one minute in the BBL Promptsprovided sterile PBS, then diluted to a 1:10 solution in sterile PBS. Six wells of a 96-well clear,
flat bottom plate were used for a bacterial serial dilution (1:1, 1:2, 1:4, 1:8, 1:16, 1:32) to allow
for reference points of bacterial killing ability (0% killing, 50%, 75%, 87.5%, 93.75%, 96.88%,
respectively). Plasma samples that did not reach threshold were assumed to have between 96.88
and 100% bacterial killing ability. A total of 4 wells were negative controls and only contained
100μL of sterile phosphate-buffered saline (PBS) and 100μL of LB media. For all sample wells,
100μL of plasma diluted 1:60 in sterile PBS and 10μL of the diluted stock bacterial solution
were added. The plates were then incubated at approximately 25°C for 20 minutes to allow the
immune components in the plasma to interact with and kill bacteria. LB broth (100 μL) with
gentamycin (10μg/ml) was then added to each well. The initial absorbance, measured by optical
density at a wavelength of 600nm, was determined for each well by a spectromax M3 plate
reader using Sofemax pro 6.2.1 software. The plates were then incubated in a shaking incubator
at 37°C and 200 rotations per minute. The optical density (OD) at 600nm was measured again
after 6 hours of incubation and every hour thereafter until growth had occurred for a total of 18
hours. All plates were produced in triplicate and all plasma remained on ice throughout set-up of
the plates. The bactericidal assay used here was modified from Dolan et al., 2016.

Statistical Analysis:
A linear regression model was developed for the spring field data. For all samples in the
longitudinal study, bacterial killing abilities for each group in each season were compared with
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Tukey’s honest significant difference test (Tukey’s HSD; also known as within groups ANOVA)
in R statistical software (Version 3.4.1. R Foundation for Statistical Computing, Vienna,
Austria). This method allowed for single-step multiple comparisons of means based on a liner
model that included an experimental group and seasonal interaction term. While the Turkey’s
HSD allows for all possible comparisons, only those that were ecologically informative were
considered. For example, mated females in one season were compared to all other seasons, but
not compared to other groups in different seasons (i.e. mated females in fall were not compared
to unmated females in summer). Of the 30 mated females used in the statistical analysis, only 11
became gravid and of those 11 only 7 gave birth to neonates. Comparisons of means were made
between mated females that became gravid (n=11) to those that did not become gravid (n=19)
and to unmated females (n= 23) for each season with the same Tukey’s HSD method. Means for
those that gave birth to neonates (n=7) were compared between seasons and to those that were
gravid but did not give birth (n=4), those that were mated but not gravid (n=19), and to unmated
females (n=23) for each season with the same Tukey’s HSD method. Spring field samples were
not compared to any lab samples. For spring field samples, a liner regression was completed in R
statistical software to determine if there was any difference between group means for mated
females (n=50), unmated females (n=50), and males (n=50).
To determine bacterial killing ability for each sample, R statistical software was used to
determine time to a threshold optical density for each well. Sample ODs were curve fit in R to
the time to threshold of the serial bacterial dilutions ODs and an approximate percent of bacteria
killed was calculated. The average percent of bacteria killed of the three replicates was
determined and used for statistical analysis. The threshold OD used was 0.2. This value was
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chosen because it was indicative of bacteria reaching exponential growth and serial dilution
wells had evenly spaced growth curves at this value (see Figure 1.).
RESULTS
Spring Field Study
The mean bacterial killing ability of diluted plasma from unmated females and mated
females 24 hours after mating were compared and there was no statistically significant difference
(p-value= 0.199). There was also no statistically significant difference when comparing mean
bacterial killing ability of diluted plasma from mated females and males in the field 24 hours
after mating (p-value=0.981). See Table 2. for liner regression results.

Longitudinal Laboratory Study
Our analysis found no statistically significant differences in the bacterial killing ability of
diluted plasma between mated and unmated females during summer (p-value=1.0000) or fall (pvalue=1.000). There was a statistically significant difference in the bacterial killing ability of
diluted plasma between mated and unmated females during winter brumation (p-value=0.0004)
and spring just after brumation (p-value=0.0286) with less killing ability demonstrated by plasma
from mated females in each season. When the bacterial killing ability of diluted plasma of males
was compared to mated females, only winter had any statistical significance (p-value=0.0304)
with plasma from mated females demonstrating less killing ability. There was no statistically
significant difference in the bacterial killing ability of diluted plasma between male and unmated
females during any season. See Table 3. for p-values of ecologically relevant comparisons for
each season.
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When comparing the bacterial killing ability of diluted plasma of any single group (mated
females, unmated females, or males) across seasons, only mated females had any significant
differences. While there was no statistically significant difference in the bacterial killing abilities
of plasma from mated females when comparing summer to fall (p-value=0.9766) or when
comparing winter to spring (p-value=0.8684). There were significant differences in the bacterial
killing ability of plasma from mated females when comparing summer to winter (p=value
<0.0001), when comparing summer to spring (p-value <0.0001), when comparing fall to winter
(p-value<0.0001) and when comparing fall to spring (p-value=0.0037) with less killing ability
exhibited by plasma from mated females during spring and winter seasons. See Table 4. for all pvalues of all other ecologically relevant comparisons.
When only considering mated females, and whether they became gravid (gravid n=11;
non-gravid n=19), there was no statistically significant difference when the bacterial killing
ability of diluted plasma between gravid females was compared to non-gravid females during
any specific season (see Table S1 in the appendix for p-values). When comparing the bacterial
killing ability of plasma from gravid and non-gravid females across seasons, there were
statistically significant differences when comparing summer to winter for gravid (pvalue=0.0005) and non-gravid mated females (0.0001), when comparing summer to spring for
gravid (p-value=0.0321) and non-gravid (p-value=0.0070) mated females, and when comparing
fall to winter for gravid (p-value=0.0062) and non-gravid (p-value=0.0056) mated females. For
each significant difference, bactericidal activity of plasma was reduced in the winter and spring
seasons. See Table 5. for all p-values of all other ecologically relevant comparisons.
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The mated females gravid in the summer (n=11) were further divided into two groups,
those that gave birth to neonates in the fall (n=7), and those that were gravid in the summer but
did not give birth to neonates in the fall (n=4). The bacterial killing ability of plasma was
compared between each group for each season and across seasons for each group. These
comparisons were also made between the two gravid groups and non-gravid mated females
(n=19) and unmated females (n=23). There were no statistically significant differences when
comparing the bacterial killing ability of diluted plasma between any of the mated females to
each other or to unmated females during any season (see Table S2 for all ecologically relevant pvalues). There were significant differences when comparing the bacterial killing ability of
plasma from females that gave birth to neonates across some seasons including when comparing
fall to winter (p-value=0.0223) and when comparing fall to spring (p-value=0.0537) with plasma
collected from females in the winter and in the spring seasons demonstrating less bacterial killing
ability (see Table 6. for all ecologically relevant p-values). For females that were mated but did
not become gravid, differences in bacterial killing ability of plasma were statistically significant
when comparing summer to winter (p-value=0.0001), summer to spring (p-value=0.0100), and
fall to winter (p-value=0.0078), with decreased killing ability during the winter and spring
seasons (see Table 7. for all ecologically relevant p-values). No statistically significant
differences were found when comparing bacterial killing ability of plasma from females that
were gravid but did not give birth to neonates across seasons (see Table S3. for all ecologically
relevant p-values).
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Tables and Figures

Table 1. Sample Sizes for Longitudinal Study
Summer
Mated Females
Unmated Females
Males
Mated Females
Unmated Females
Males

Fall
Winter Spring
44
37
35
30
45
41
36
23
45
36
34
16
Sample Sizes for Spring Field Study
50
50
50

Table 2. Results of liner regression for spring field samples comparing
mated females to other groups.
Estimate Std.
Error t-value p-value
Unmated Females
-6.720 5.209
-1.290
0.199
Males
0.127 5.263
0.024
0.981
Table 3. Results of Tukey's HSD multiple comparisons of means comparing groups for each
season.
Mated Females to Unmated Females
Difference
Lower Limit
Upper Limit
p-value (adjusted)
Summer
2.0785
-27.2622
31.4192
1.0000
Fall
1.1420
-28.1987
30.4827
1.0000
Winter
40.8822
11.5415
70.2229
0.0004
Spring
30.9467
1.6060
60.2874
0.0286

Summer
Fall
Winter
Spring

Mated Females to Males
Difference
Lower Limit
Upper Limit
p-value (adjusted)
-17.9452
-50.7642
14.8740
1.0449
-31.7742
33.8640
34.4319
1.6128
67.2520
14.4339
-18.3852
47.2530

0.8152
1.0000
0.0304
0.9521
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Summer
Fall
Winter
Spring

Unmated Females to Males
Difference
Lower Limit
Upper Limit
p-value (adjusted)
20.0237
-14.6841
54.7315
0.0971
-34.6107
34.8049
6.4503
-28.2257
41.1581
16.5128
-18.1950
51.2206

0.7569
1.0000
1.0000
0.9188

Table 4. Results of Tukey's HSD multiple comparisons of means comparing seasons for each
group.
Summer to Fall
Difference
Lower Limit
Upper Limit
p-value (adjusted)
Mated Females
10.8026
-16.4067
-6.2462
0.9766
Unmated Females
11.7391
-19.6999
43.1782
0.9860
Males
-8.1875
-45.8816
29.5066
0.9999

Mated Females
Unmated Females
Males

Summer to Winter
Difference
Lower Limit
Upper Limit
p-value (adjusted)
-58.0645
-85.1448
-30.9842
0.0000
-19.2609
-50.6999
12.1782
0.6794
-5.6875
-43.3816
32.0066
1.0000

Mated Females
Unmated Females
Males

Summer to Spring
Difference
Lower Limit
Upper Limit
p-value (adjusted)
44.1290
17.0488
71.2092
0.0000
15.2609
-16.1782
46.6999
1.0000
11.7500
-25.9441
49.4441
0.9969

Mated Females
Unmated Females
Males

Fall to Winter
Difference
Lower Limit
Upper Limit
p-value (adjusted)
-47.2619
-74.3422
-20.1817
0.0000
-7.5217
-38.9608
23.9173
0.9997
-13.8750
-51.5691
23.8191
0.9875

Mated Females
Unmated Females
Males

Fall to Spring
Difference
Lower Limit
Upper Limit
p-value (adjusted)
-33.3264
-60.4067
-6.2461
0.0037
-3.5217
-34.9608
27.9173
1.0000
-19.9375
-57.6316
17.7566
0.8460
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Mated Females
Unmated Females
Males

Winter to Spring
Difference
Lower Limit
Upper Limit
p-value (adjusted)
-13.9355
-41.0157
13.1448
0.8684
-4.0000
-35.4391
27.4391
1.0000
6.0625
-31.6316
43.7566
1.0000

Table 5. Results of Tukey's HSD comparing bacterial killing ability of
plasma between seasons for gravid and non-gravid mated females.
Summer to Fall
Difference
Lower Limit Upper Limit p-value
Gravid
10.5670
-38.2505
59.3845 0.9977
Not Gravid
10.9147
-22.7725
44.6020 0.9736

Gravid
Not Gravid

Summer to Winter
Difference
Lower Limit Upper Limit p-value
-70.1000
-118.9175
-21.2825 0.0005
-52.3333
-86.0206
-18.6461 0.0001

Gravid
Not Gravid

Summer to Spring
Difference
Lower Limit Upper Limit p-value
51.3000
2.4825
100.1175 0.0321
40.7142
7.0270
74.4016 0.0070

Gravid
Not Gravid

Fall to Winter
Difference
Lower Limit Upper Limit p-value
-59.5330
-108.3505
-10.7155 0.0062
-41.4186
-75.1059
-7.7312 0.0056

Gravid
Not Gravid

Fall to Spring
Difference
Lower Limit Upper Limit p-value
-40.7330
-89.5505
8.0845 0.1756
-29.7995
-63.4868
3.8878 0.1239

Gravid
Not Gravid

Winter to Spring
Difference
Lower Limit Upper Limit p-value
-18.8000
-67.6171
30.0175 0.9336
-11.6190
-45.3063
71.7542 0.9627
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Table 6. Results of Tukey's HSD for females that gave birth to
neonates across seasons.
Differenc Lower
Upper
e
Limit
Limit
Summer to Fall
-6.0000
-72.7926
60.7927
Summer to Winter
-65.6667
-132.4592
1.1259
Summer to Spring
60.3333
-6.4592
127.1259
Fall to Winter
-71.6667
-138.4592
60.7926
Fall to Spring
-66.3333
-133.1259
0.4592
Winter to Spring
-5.3333
-72.1259
61.4592

p-value
1.0000
0.0595
0.1280
0.0223
0.0537
1.0000

Table 7. Results of Tukey's HSD for females that mated but did not
become gravid across seasons.
Lower
Upper
Difference Limit
Limit
p-value
Summer to Fall
10.9148
-24.7874
46.6169 0.9995
Summer to Winter
-52.3333
-88.0355
-16.6318 0.0001
Summer to Spring
40.7142
5.0121
76.4164 0.0100
Fall to Winter
-41.4186
-77.1207
-5.7164 0.0078
Fall to Spring
-29.7995
-65.5017
5.9026 0.2261
Winter to Spring
-11.6190
-47.3212
24.0831 0.9991

Figure 1. Dilution growth curves of E. coli. Groups represent associated percent bacteria
killed.
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Figure 2. Boxplot of
bacterial killing
abilities of plasma from
male, mated female,
and unmated female
red-sided garter
snakes in the field 24
hours after mating.

Figure 3. Boxplot of bacterial killing ability of plasma from male, unmated female, and mated
female red-sided garter snakes for each season in the laboratory longitudinal study.
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Figure 4. Boxplot of bacterial killing ability of plasma from all female red-sided garter snake
groups in the longitudinal laboratory study.

Figure 5. Boxplot of bacterial killing ability of plasma from gravid and non-gravid mated
female red-sided garter snakes in the longitudinal laboratory study.
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Figure 6. Boxplot of bacterial killing ability of plasma from gravid mated female red-sided
garter snakes that gave birth to neonates fall (yes) and those that did not (no) in the
longitudinal laboratory study.
DISCUSSION
Spring field study
No differences were found in the antimicrobial abilities of diluted garter snake plasma
between any groups (males, unmated females, mated females) 24 hours prior to mating in the
field during the peak of the mating season (see Figure 2). Multiple factors could be influencing
these results. First, it is possible that copulation had little to no effect on the immune system in
these animals. Second, a specific type of immune response that may be occurring could go
undetected with this assay. Often with respect to reproduction, immune responses are mucosal
and/or cell mediated responses, which occur within the mucus membrane of the reproductive
tract in mammals, birds, and amphibians (Murphy, 2012; Jantra et al., 2011; Yoshimura, 2004).
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This explanation is likely a large factor since any mucosal or cell mediated changes are not
detectable with the BKAs utilized in this study. To determine if a mucosal and/or cell mediated
immune response is occurring as a result of mating, other immune parameters would need to be
measured. Many such assays require species-specific reagents that are either custom-made and
expensive or are not currently available for this species. Another possibility is there was not
enough time after mating for any changes in antimicrobial proteins concentrations to occur
because of the increased time required for immune responses in ectotherms. To determine if this
is the case, a time series of BKAs following matings could be completed. A time series was not
completed in this study because the total amount of blood needed to complete the BKAs was not
yet known. Therefore, one blood sample was taken at 24 hours after mating rather than taking
multiple blood samples over a few days, which would risk each sample being too small to
complete any BKAs.
These results could also be based on a biased sample of females. All individuals in this
study were collected as they were emerging from the hibernacula, but only seemingly healthy
individuals were used. Based on the results of the longitudinal lab study, which detected a
difference in bacterial killing ability of plasma following hibernation between unmated females
and mated females that gave birth the previous year, it could be that no or few female snakes in
this study gave birth to neonates the previous year, resulting in a biased sample. Considering the
large number of individuals that are in good health during the mating season and the high
percentage of gravid females that give birth in the laboratory (~50%; personal observation), it is
unlikely that our random sample would be largely biased toward females that did not give birth
the previous year.
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It is also possible that no immune responses are occurring in these animals following
mating due to their restricted available energy. French et al. 2007a, demonstrated that the tradeoff between reproduction and immunity are facultative, and thus dependent on resource
availability. Those authors found that when reproductive investment was increased under
restricted resources, wound healing was suppressed. This is a less likely explanation since the
red-sided garter snakes of this study are dissociated breeders and therefore make some
reproductive investments outside of the mating season. Females do not demonstrate intense
mating behaviors and do not stay at the den site for more than a few days (Emlen and Oring
1977; Krohmer, et al, 1989). Females in this population are also not necessarily putting energy
into embryonic development yet since they have the ability to store sperm (Halpert et al., 1982;
Friesen et al., 2014). Males in this population have already produced their sperm in the previous
fall but do expend energy on vigorous courtship behavior. Males display this behavior for many
weeks during the mating season at the den site without eating and it has been found that even at
the lowest courtship activity, males of this population increase their metabolic rate by 1.8-3.6
times their baseline metabolic rate (Friesen et al., 2017). While lack of available energy and the
associated facultative trade-off is a possible explanation, it is more likely that no immune
response occurs following mating that would be detected by a BKA or that not enough time had
passed to allow for a detectable difference in antimicrobial proteins. To better understand the
influence of mating on this integrative system, other immune parameters should be tested in this
species.
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Longitudinal laboratory study
In this longitudinal study, unmated females and males did not demonstrate any difference
in bacterial killing ability of diluted plasma during any season. This result is not surprising for
summer or winter since neither the unmated females or the males are investing in reproduction
during those seasons. It is interesting that there is no difference between these two groups in fall
and spring (see Figure 3) as males in this population do invest energetically in sperm production
during the fall season and are investing in vigorous courtship during the spring (Friesen et al.,
2017). Since the trade-off between reproduction and immunity is facultative (French, et al.
2007a), it is possible that this result is due in part to high available energy during the fall since
the animals are still actively feeding during most of the fall season.
As a group, mated females exhibited a reduced bacterial killing ability of plasma
collected during winter and spring when compared to unmated females. This is not surprising
because, again, the trade-off between reproduction and immunity seems to be facultative (French
et al. 2007a) and females in this population are actively feeding during the summer and during
most of the fall. It follows that enough energy is available for the needs of both systems to be
met during those seasons as an outcome of active feeding. Females give birth to neonates in the
fall, and while blood collection for this time point followed birth of neonates, recovery from
giving birth could be energetically costly and individuals in this population reduce their food
intake during the late fall in preparation for brumation (Aleksiuk and Gregory, 1974). Therefore,
the difference in bacterial killing ability of plasma found between mated and unmated females
would only be apparent once energy stores start to become restricted, especially if recovery from
giving birth is energetically expensive.
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When comparing the bacterial killing ability of plasma between males and mated
females, only winter showed a significant difference, with a lower killing ability of plasma from
mated females. This is interesting because the expected results were such that, if there is no
seasonal difference between males and unmated females during any season, any seasonal
differences between mated females and unmated females would be the same as the seasonal
differences between males and mated females. This was not the case since only one season
(winter) demonstrated a difference in bacterial killing ability of plasma when comparing mated
females to males while two seasons (winter and spring) demonstrated a difference when
comparing mated to unmated females. The assay utilized in this study does not give a full picture
of the changes in immunity since it only measures one specific area of innate immunity and more
studies should be conducted to determine if and what other factors are contributing to these
differences. It is possible that differences in sample size was a factor in this result as males had
the highest death rate while mated females had the highest survival rate.
Comparisons of bacterial killing ability across seasons were also made as part of the
Tukey’s HSD analysis. No differences in bacterial killing ability of plasma were found across
seasons for either unmated females or males. For mated females, differences in bacterial killing
ability of plasma were found between summer and winter, fall and winter, summer and spring,
and fall and spring, each with lower bacterial killing abilities in plasma from winter and spring
seasons. Essentially, plasma collected in summer and fall had similar bacterial killing ability, as
did plasma collected in winter in spring for mated females. This is not surprising since the
change from fall to winter is reflective of a decrease in available resources while the change from
spring to summer is reflective of an increase in available resources. Thus, summer and fall have
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similar resource availability and similar bacterial killing abilities of plasma while winter and
spring also have similar and reduced resource availability and similar reduced bacterial killing
abilities of plasma.
Mated females were further broken down in groups including: those that gave birth to
neonates in the fall (n=7), those that were gravid in the summer but did not give birth in the fall
(n=4), and those that were mated but were not gravid in the summer (n=19). Each group was
compared to all others and to unmated females (n=23). No differences were found in the killing
ability of plasma when comparing each group to each other group during any season even when
comparing to unmated females. This may be a result of the differences in sample size between
groups and the small number of individuals that gave birth to neonates. Over the past 5 years,
about 50% of the mated females brought from the field to the lab that survive until the fall give
birth to neonates (personal observation). In this study, only 23% (7 out of 30) gave birth to
neonates. The low birth rate may be a result of stress due to repeated blood draws, however this
explanation seems unlikely due to females only having blood drawn twice prior to birth of the
neonates, once in the field during the spring and once in lab during the summer.
When comparing across seasons within groups, differences in bacterial killing ability of
plasma were found only when comparing seasons of high resource availability to seasons of low
resource availability (i.e. summer to winter, summer to spring, fall to winter, or fall to spring)
with less bacterial killing ability of plasma in winter and spring seasons. Not every group
demonstrated differences in each high resource season to low resource season comparison. For
females that gave birth to neonates, the bacterial killing ability of plasma was lower in winter
compared to fall, and lower in spring compared to fall. For plasma from females that gave birth,
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the bacterial killing ability was higher (not significantly) in fall compared to summer where as
other female groups had lower (not significantly) or no change from summer to fall (see Figure
4). Therefore, it is possible that an up-regulation of antimicrobial proteins occurred following
birth of neonates. As stated, these differences were not statistically significant, possibly due to
small sample sizes, therefore no conclusions can be made in this case but this area warrants
further investigation. It is understood that an immune response is more costly than general
maintenance of immunity (Ahmed et al., 2008; Boughton et al., 2007;Demas et al., 2012; French
et al., 2009; Klasing and Leshchinsky, 1999; Martin et al., 2003; Meylan et al., 2013) and this
need for increased energy during a season when resource availability actually decreases could
explain why a difference in killing ability was found when comparing fall to winter and spring
but not when comparing summer to winter and spring. The only other group that demonstrated a
difference in the bacterial killing abilities of their plasma across seasons was females that mated
but did not become gravid. This group demonstrated lower bacteria killing abilities of plasma in
winter when compared to summer and fall and decreased killing abilities in spring when
compared to summer. As stated, these differences are reflective of the differences in resource
availability during those seasons and as such, these results are not surprising.

Conclusions
Our results support the hypothesis of French et al. 2007a that reproduction and immunity
are facultative trade-offs based on the differences across seasons in the antimicrobial abilities of
plasma when comparing high resource availability seasons (summer and fall) to low resource
availability seasons (winter and spring). No sexual variation in antimicrobial capabilities of
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plasma was found in nonreproductive animals. Reproductive animals (mated females)
demonstrated less bacterial killing ability when compared to nonreproductive animals during
some seasons with reduced resource availability. Within mated females, differences were only
apparent when comparing some high resource availability seasons to some low resource
availability seasons and only found in females that gave birth to neonates and those that were not
gravid, which again is supportive of a facultative trade-off (see Figures 5 and 6).
To further our understanding of the trade-off between reproduction and immunity in the
red-sided garter snakes and other ectotherms, utilizing other immune assays such as seasonal
testing levels of natural antibodies, completing seasonal immune cell counts, or tests of acquired
immune components should be completed in this species. Experimental studies utilizing immune
challenge with LPS injection and/or wound healing would be a good source of information
related to the immunity/reproduction trade-off in this species.
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CHAPTER 3: ANTIMICROBIAL PLASMA PROTEINS OF NATURALLY INJURED
RED-SIDED GARTER SNAKES DURING MATING SEASON

Leslie Blakemore, Brian Dolan, and Robert T. Mason.
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ABSTRACT
Red-sided garter snakes (Thamnophis sirtalis parietalis) of the Interlake region of
Manitoba, Canada, experience potential life threatening injuries during the spring mating season
(Shine et al. 2001). The combination of predation by birds and injuries sustained during den
emergence and mating are likely to negatively impact individual snakes. Here we examined if
injured animals had altered anti-bacterial innate immune responses. We found a statistically
significant reduction in the bacterial killing ability of red-sided garter snake plasma when
comparing naturally injured and healthy individuals. No significant differences were found when
comparing plasma from male and female snakes nor were any differences detected when
comparing across injury severity groups. Our results indicate that naturally injured snakes may
have reduced capabilities to fight off invading foreign microbes and therefore might face an
increased susceptibility of infection when naturally injured during the mating season.
INTRODUCTION:
The immune system is highly advanced in vertebrates and includes fast acting nonspecific (innate) and slower specific (adaptive) components. In general, immune defenses and the
cost of immunity depend on factors including the type of immune challenge, response timing,
and overall condition of the animal (Demas et al. 2012; Smith et al 2017). Ecoimmunology
attempts to determine the consequences of different immune defenses. These consequences are
typically in the context of benefits, costs, and fitness of the organism as a result of their immune
defense. This field seeks to explain variation in immunity in the context of an organism’s life
history (Lee 2006) and integrates both the ecology and evolution of an organism by focusing on
immune responses that are under conditions similar to those found in the organism’s natural
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environment (Demas et al. 2012). Within ecoimmunology, resource and energy availability are
major influences of life-history trade-offs. These factors are critical not only because of their
influence on physiological processes; they are of major importance because concepts and
findings of ecoimmunology tend to make sense only within the context of the organism’s
environment (French et al. 2009). Most ecoimmunological investigations thus far have focused
on mammals. Comparatively few studies have been conducted on ectothermic vertebrates with
many such studies focused on monitoring threatened or endangered species. These studies
commonly attempt to use immune measures including antibody levels or measures of innate
immune function to assess stress or overall population health (Davis et. al, 2008; Rousselet et al.,
2013). Other studies have focused on the adaptive branch of the immune system, often within the
context of evolutionary biology or antibody structure and response (Flajnik 1996; Gambón-Deza
et al., 2006; Gambón-Deza et al., 2012; Leceta and Zapata, 1986; Rousselet et al., 2013). Studies
on ectothermic vertebrates are important in this field as functional differences in the innate and
adaptive immune responses of ectotherms when compared to endotherms have been described
(Zimmerman et al., 2010). Humoral responses of endotherms are much faster than those in
ectotherms. Also, secondary immunization often fails to produce an increased titer of antibodies
in ectotherms, unlike endotherms, and such antibodies typically have lower affinity of their
antigens in ectotherms (Grey, 1963; Marchalonis et al., 1969; Kanakambika and
Muthukkarauppan, 1972; Ingram and Molyneux, 1983; Origgi et al., 2001; Pye et al., 2001).
Histological studies on lizards and snakes have shown differences in healing when compared to
mammals. Dermal tissue of reptiles and lizards are much thinner than mammals and repair
occurs horizontally rather than vertically, as is the case in mammals (Maderson and Roth 1972;
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Smith and Barker 1988). Differences in wound healing between lizards and snakes also occur.
Snakes demonstrate a robust inflammatory response with many heterophils compared to
macrophages around the wound (Smith and Baker 1988) while lizard wound healing has shown a
comparatively minor inflammatory response (Maderson and Roth 1972). The differences that
exist between endotherms and ectotherms and the differences within ectotherms alone
demonstrate the importance of studying immunity and wound healing in many different species
in order to fully understand the immune mechanisms behind healing.
It is well understood that physiological systems interact through trade-offs. All organisms
have an energy budget, that is, a total amount of energy that the organism can spend at any one
time. When one system needs more of that energy, others systems will have less energy devoted
to them, i.e. a “trade-off” will occur. For example, reproduction is expensive, especially during
time periods when extra energy is devoted to reproductive development and/or mating behaviors
such as courtship or mating displays. The amount of energy devoted to some other systems, such
as the immune system, will be suppressed during such time periods when reproductive cost is
high (French et al., 2007a; French et al., 2007b; Lochmiller and Deerenberg, 2000; Richard et al.,
2012; Van Dyke and Beaupre, 2011; Martin et al., 2008). In house sparrows (Passer
domesticus), LPS (lipopolysaccharide) challenge resulted in a dramatic drop in feeding rate and
reproductive success. This trend was brood-size dependent such that individuals with larger
broods were more willing to sustain their brood. The authors concluded that females were more
willing to invest in their brood even at the expense of their own health when high potential
fitness payback is present (Bonneaud et al., 2003). LPS has also been found to increase the
resting metabolic rate of house sparrows suggesting that immune activity increases energy
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expenditure (Martin et al., 2003). In garter snakes, LPS challenge during the mating season
decreased male reproductive effort in the form of reduced courtship (Uhrig 2015). However, this
trend of favoring reproduction is not always the case. A study on the collared flycatcher
(Ficedula albicollis) demonstrated some mixed results as females with an enlarged number of
nestlings showed lower levels of specific antibodies, but only in one of two years of the
experiment. The authors also noted that while the females with enlarged broods showed a lower
probability of survival, there was no correlation between immune response and survival when
considering leukocyte concentrations (Cichoń et al., 2001).
The Interlake region of Manitoba, Canada, in spring (late April) is a barren landscape of
limestone and leafless aspen trees, reflective of its recent geologic history. Sinkholes and cracks
in the limestone expose the underground hibernacula of the red-sided garter snakes. It is deep in
these “dens” where the garter snakes undergo brumation to survive the long, harsh winter.
Brumation is a state in which an organism (often nonavian sauropsids) will decrease
physiological functions in a manner similar to mammals in hibernation in order to survive harsh
conditions. After an approximately sevenmonth long brumation period, garter snakes emerge to
the surface and mate at the den site before migrating to their summer feeding grounds. Males
emerge first and will stay at the den site without eating for up to three weeks (O’Donnell et al.,
2004). Body conditions during this time have been described as “near starvation” (Aleksiuk and
Stewart, 1971). Throughout the mating season, males will mate with multiple females, if
possible. As females emerge from the den, males instantly swarm around them creating large
mating balls composed of many courting males (ranging from 10 to 100 individuals) and a single
female. Following nonaggressive, yet vigorous, competitive courtship, the female may become

68
receptive to a male allowing for copulation to occur. While the energetic expenditure of
courtship for male red-sided garter snakes is not fully understood, a recent study found that even
at the lowest levels of courtship activity, the males’ metabolic rate was 1.8-3.6 times higher than
baseline metabolic rates (Friesen et al., 2017).
At the peak of the mating season (mid May) predators, including predatory birds,
primarily corvids (crows, ravens, magpies), prey upon the mating garter snakes (see Figure 1)
with females snakes more likely to be victims of such attacks (Shine et. al., 2004). Many snakes
are eaten/killed while others are only injured. Injuries range from a small peck hole in the side of
the animal to a large open wound with internal organs visible and/or sticking out of the snake’s
body (see Figure 2). This is not the only way the garter snakes can be injured during the mating
season. For example, snakes can be injured while rubbing their face on the limestone rocks
during emergence from the hibernacula (see Figure 2). If a mating ball becomes too large,
females can be crushed under the mass of courting males (Shine et al., 2004). The males’
hemipenes have large barbs that hold the hemipene in place during mating (Friesen et al., 2013)
which could cause internal tissue damage to the females’ cloaca. Regardless of the injury
mechanism, the commonality of large scars on the snakes in this population demonstrates that
some individuals survive such wounds. Some scars seem to be a result of bone (often spine or
rib) injury or removal (see Figure 3). This is interesting because these snakes have just spent
approximately half the calendar year undergoing brumation and are not eating; thus, they only
have stored fat as an available energy source for wound repair or other immune response
mechanisms.
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While the mechanisms involved with whole organism surveillance by the immune system
and orchestration of immune responses are not fully understood, it is well known that in animals,
injuries such as those described would result in an immune response mediated at least in part by
damage associated molecular patterns and/or pathogen associated molecular patterns (Bianchi,
2007; Chen and Nuñez 2010; Demas et al., 2011; Gallucci and Matzinger, 2001; Huebener and
Schwabe, 2013; Kluew, et al., 2009; Kono and Rock, 2008; Matzinger, 2002; Neumann-Lee and
French, 2013; Paterson et al., 2003; Ricklin et al., 2010; Rojas et al., 2002; Roupé et al., 2010;
Shi, et al., 2003; Smith and Barker, 1988; Smith et al., 1988; Sørensen et al., 2006). Mounting an
immune response to heal a wound is energetically expensive and requires interaction of multiple
branches of the immune system (Demas et al. 2011; Martin 1997). Early stages of the healing
process include initiation of an inflammatory response, initiation of the complement system, and
proliferation and recruitment of many immune components including chemokines, cytokines,
platelets, and granulocytes such as macrophages and heterophils; granulation and remodeling of
the wound site are involved in some of the final stages of this integrative process (Demas et al.,
2011; Lochmiller and Deerenberg, 2000; Werner and Grose, 2003). As stated, the mechanisms
behind the surveillance, initiation and orchestration of an immune response are not well
understood, however the concept that the energetic cost of immune elicitation, especially when
compared to the cost of immune homeostasis, is great has been demonstrated across vertebrates
(Ahmed et al., 2008; Boughton et al., 2007;Demas et al., 2012; French et al., 2009; Klasing and
Leshchinsky, 1999; Martin et al., 2003; Meylan et al., 2013).
Previous studies on garter snake immunology have focused on topics including the
developmental plasticity of the immune response in relationship to ecotype (Palacios et al., 2011;
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Sparkman and Palacios 2009), histology and temperature effects of cutaneous wound healing
(Smith and Baker, 1998; Smith et al., 1988) and antibody presence and function (Coe et al.,
1976). No field studies on garter snakes, or any other ectothermic vertebrates, have attempted to
determine whether naturally injured individuals during the energetically costly reproductive
season demonstrate different antimicrobial capabilities.
The purpose of this observational field study was to determine if the bacterial killing
abilities of snake plasma are different for naturally injured and healthy individuals during the
mating season. This study also aimed to determine if the sex of the animal or the severity of the
injury correlates with the antimicrobial capabilities of the plasma. Bacterial killing ability assays
were utilized to test and compare the antimicrobial abilities of diluted garter snake plasma. We
predicted that plasma collected from naturally injured snakes would demonstrate either the same
or reduced bacterial killing abilities when compared to plasma from healthy individuals. We
based this prediction on the discussed trade-off between immunity and reproduction and on the
restricted available energy during the mating season while the animals are aphagic (O’Donnell et
al. 2004). An alternative prediction is that plasma from injured female garter snakes would show
increased bacterial killing ability when compared to injured males. We based this prediction on
the commonality of females demonstrating a stronger immune response when compared to
males. It is believed that this sexual variation is at least in part related to differing fluctuations in
sex hormone concentrations since sex hormones (i.e. testosterone) and other hormones (i.e.
corticosterone and oxytocin) often act as immune modulators (Ahmend and Talal, 1990;
Boughton et al., 2007; Detillion et al., 2003; Duffy et al., 2000; French et al., 2009; Graham S. P.
et al., 2011; Kimbrell and Beutler, 2001; Nunn et al., 2009; Neumann-Lee and French, 2013;
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Pennell et al., 2012; Saad, et al., 1990; Schuurs and Verheul, 1990; Zapata et al., 1983). Also, it
has been found that female garter snakes are more likely to be targets of predation during the
mating season (Shine et al., 2001) and females have to survive until fall for their reproduction to
be complete. Therefore, females could be under a stronger selective pressure to survive such
injuries.

METHODS AND MATERIALS
Experimental Design
To determine if naturally injured red-sided garter snakes have different levels of
antimicrobial plasma proteins during the mating season, bacterial killing ability assays (BKAs)
on injured and size/sex matched individuals were completed during spring of 2016 and 2017. It
is assumed that all injuries had occurred within 24 hours prior to capture based on daily
searching for injured individuals and apparent freshness of all injuries. To determine if sex of the
animal affects the levels of antimicrobial plasma proteins during the mating season, male BKAs
were compared to females BKAs. To determine if the severity of the injury affects the levels of
antimicrobial plasma proteins during the mating season, injuries were grouped based on wound
type and their BKAs were compared. During 2017, blood draws 24 hours after capture were
completed to determine if any changes in plasma antimicrobial proteins levels were occurring in
the first few days following injury.
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Animal Collection and Husbandry:
For this study, red-sided garter snakes were collected by hand at the den site near
Inwood, Manitoba, Canada during spring of 2016 and 2017. All injured snakes collected were
size/sex matched to a seemingly healthy uninjured individual at the time of capture in the same
location. All animals were brought to the research station in Chatfield, Manitoba, Canada where
their snout-vent-length (SVL) in mm and body mass (BM) in grams were measured and
recorded. All animals were housed in semi-natural nylon (1m ) enclosures with water provided
3

ad libitum. All wounds were photographed and notes regarding physical features of each wound
were recorded. Snakes were checked daily and any deaths were recorded. All surviving snakes
were released at their location of capture at the end of the season.

Plasma Sample Collection and Storage
During spring of 2016, 0.4mL of blood was drawn from the caudal vein of all individuals
at the time of capture with a heparinized 1cm syringe with a sterile 25-gauge needle. All animals
were cleaned with chlorhexidine and 100% ethanol at the puncture site directly prior to blood
draws to ensure a sterile sample and to prevent the introduction of any bacteria into the snake’s
blood stream. Blood was kept on ice until it was centrifuged at 7000 RMP for 10 minutes.
Plasma samples were frozen at -20°C. Plasma was kept frozen throughout the field season and
transported on dry ice (~ -80°C) to Oregon State University (OSU), in Corvallis Oregon. At
OSU, plasma was stored at -80°C.
During the spring of 2017, 0.2mL of blood was drawn from the caudal vein of all
individuals at the time of capture and again 24 hours later using the same methodology as
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described above. Plasma was separated, stored, and transported to Oregon State University
(OSU), in Corvallis Oregon, using the same methodology as described above. All animal
collection/husbandry and blood collection were conducted in accordance with Oregon State
University Institutional Animal Care and Use Committee, protocol ACUP-4818.

Bacterial Killing Assay
Gentamycin-resistant Escherichia coli cells were plated on LB agar plates containing
10μg/mL gentamycin sulfate (MP Biomedicals LLC, 105030-QR12272). The plates were
cultured for 2 days at 37°C. Three similarly sized colonies were collected using a BBL Prompt
system (BD Biosciences, VWR) to allow for a relatively consistent amount of bacterial cells for
each completed BKA. The collected bacteria were vortexed for one minute in the BBL Promptsprovided sterile PBS, then diluted to a 1:10 solution in sterile PBS. Six wells of a 96-well clear,
flat bottom plate were used for a bacterial serial dilution (1:1, 1:2, 1:4, 1:8, 1:16, 1:32) to allow
for reference points of bacterial killing ability (0% killing, 50%, 75%, 87.5%, 93.75%, 96.88%,
respectively). Plasma samples that did not reach threshold were assumed to have between 96.88
and 100% bacterial killing ability. A total of 4 wells were negative controls and only contained
100μL of sterile phosphate-buffered saline (PBS) and 100μL of LB media. For all sample wells,
100μL of plasma diluted 1:60 in sterile PBS and 10μL of the diluted stock bacterial solution
were added. The plates were then incubated at approximately 25°C for 20 minutes to allow the
immune components in the plasma to interact with and kill bacteria. LB broth (100 μL) with
gentamycin (10μg/ml) was then added to each well. The initial absorbance, measured by optical
density at a wavelength of 600nm, was determined for each well by a spectromax M3 plate
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reader using Sofemax pro 6.2.1 software. The plates were then incubated in a shaking incubator
at 37°C and 200 rotations per minute. The optical density (OD) at 600nm was measured again
after 6 hours of incubation and every hour thereafter until growth had occurred for a total of 18
hours. All plates were produced in triplicate and all plasma remained on ice throughout set-up of
the plates. All treatment (injured) plasma samples were on the same 96-plate as the sex/size
matched controls (healthy) samples. Each plate contained an equal number of male and female
samples. The bactericidal assay used here was modified from Dolan et al., 2016.

Severity Grouping
To determine if levels of antimicrobial proteins were different between animals with
injuries of different severity, each individual received an injury score based on physical features
of their wounds. Individuals with only internal injuries, defined by visible bruising and no open
wounds or blood present, were considered to have minor wounds and received an injury score of
1 (n= 7). All individuals with open wound(s) approximately less than 2 centimeters in diameter
and without any protruding organs or tissues were considered to have intermediate wounds and
received an injury score of 2 (n= 52). Individuals with open wounds greater than 2 centimeters in
diameter and/or with protruding organs or tissues were considered severe wounds and received
an injury score of 3 (n=21).

Statistical Analysis:
To compare the bacterial killing abilities of plasma between healthy and injured snakes, a
t-test was conducted in R statistical software (Version 3.4.1. R Foundation for Statistical
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Computing, Vienna, Austria). To determine if sex or severity influenced the bacterial killing
abilities of plasma, a Tukey’s honest significant difference test (Tukey’s HSD; also known as
within groups ANOVA) was competed in R statistical software. This method allowed for singlestep multiple comparisons of means based on a liner model that included a severity, group, sex,
and their interaction terms. While the Tukey’s HSD allows for all possible comparisons, only
those that were ecologically informative were considered. To determine if bacterial killing ability
of plasma changed in the days following natural injury, the change in BKA after 24 hours prior
to capture of injured and healthy snakes were compared by a t-test in R statistical software.
To determine bacterial killing ability for each sample, R statistical software was used to
determine time to a threshold optical density for each well. Sample ODs were curve fit in R to
the time to threshold of the serial bacterial dilutions ODs and an approximate percent of bacteria
killed was calculated. The average percent of bacteria killed of the three replicates was
determined and used for statistical analysis. The threshold OD used was 0.2. This value was
chosen because it was indicative of bacteria reaching exponential growth and serial dilution
wells had evenly spaced growth curves at this value (see Figure. 4). Samples that did not reach
threshold were assumed to have greater than 96.88% bacterial killing ability.

RESULTS:
A t-test comparing the mean bacterial killing ability of diluted plasma from naturally
injured red-sided garter snakes showed a statistically significant difference between healthy and
injured individuals (p-value= 0.0467; see Table 1). When accounting for sex of the individuals
and severity of the wounds with a Tukey’s HSD test, no significant differences were found (see
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Table A2.1., Table A2.2., Table A2.3., Table A2.4., and Table A2.5. for p-values of ecologically
relevant comparisons). A t-test comparing the mean change in bacterial killing abilities of snake
plasma 24 hours prior to capture found no significant difference (p-value = 0.4128; see Table
A2.6.).

Tables and Figures:

Table 1. Results from a two-sample t-test comparing the BKAs of healthy to injured snakes.
95% confidence interval
limits
t value degress of freedom
p-value Healthy Mean
Injured Mean
Lower
Upper
2.0054
151
0.0467
64.8816
52.9091
0.1770
23.7686
Injured n = 78; Healthy n = 77
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Figure 4. Dilution growth curves of E. coli. Groups represent associated percent bacteria
killed.
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Figure 5. Boxplot of
bacteria killing ability of
diluted plasma from
healthy and injured male
and female red-sided
garter snakes.

Figure 6. Boxplot of bacteria killing ability of diluted plasma from healthy and
injured male and female red-sided garter snakes separated by sex.

79

Figure 7. Boxplot bacteria killing ability of diluted plasma from
healthy and injured male and female red-sided garter snakes
separated by wound severity.

DISCUSSION
In this study, the antimicrobial capabilities of garter snake plasma were lower in injured
individuals when compared to healthy individuals. This supports the possibility that the garter
snakes in this population are prioritizing their immune response toward wound repair of
predatory injuries rather than antimicrobial capabilities based on their likely stressed conditions.
In an experimental study conducted on side-blotched lizards (Uta stansburiana), stress
was induced in one group of artificially injured animals. The authors found that stressed animals
prioritized cutaneous wound healing over bactericidal capabilities (Neumann-Lee and French,

80
2013). Stress was also found to increase healing time both in male tree lizards (French et al.,
2005) and in mice (Padgett et al., 1998). For the garter snakes, it is safe to assume that they are
under physiological stress based on their high levels of blood corticosterone found in males
during the mating season (Cease et al., 2006) and the possibility that receiving and coping with a
wound is likely a stressor itself (Neumann-Lee and French, 2013). In the side-blotched lizard
study, the authors also found that higher bactericidal ability was associated with earlier healing
time. They suggest that this may demonstrate a “faster is better “ strategy such that if energy is
heavily invested in early wound healing stages, the immune response will be more effective
(Neumann-Lee and French, 2013). With the garter snakes, investment in a fast wound healing
response may be beneficial even though they have limited available energy in part because they
are not necessarily investing much energy into reproduction other than courtship behavior in
males. More studies into the immune response to injury in this species need to be conducted in
order to determine if such prioritization towards wound healing over antimicrobial components is
occurring.
While no statistical significance was found based on sex or wound severity, the severity
results may be a result of sample size. The mean bacterial killing abilities of plasma from snakes
with only internal injuries (n=7), categorized as minor injuries, was higher (though not
significantly) than both the intermediate (n=51) and severe (n=20) groups that included open
wounds, even though the range of BKA values was similar for all three groups (See Figure 7).
It is also possible that timing was an issue in this study. The animals were assumed to
have been wounded approximately 15-20 hours before capture based on daily searching for
individuals and the occurrence of high predation in the midafternoon. It is understood that
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ectotherms have a lag in immune response when compared to mammals (Grey, 1963;
Marchalonis et al., 1969; Kanakambika and Muthukkarauppan, 1972; Ingram and Molyneux,
1983; Pye et al., 2001; Origgi et al., 2001). Furthermore, considering the low temperatures of the
early spring season, this response could be further delayed. Nonetheless, this result could be due
to a small sample size since this portion of the study was only attempted during the second year.
Red-sided garter snakes are the most northerly living reptiles in the western hemisphere
(Krohmer et al., 1989) and a previous study on tree swallows (Tachycineta bicolor) showed
differences in reproduction and immunity trade-offs at different latitudes (Ardia, 2005). Ardia’s
study demonstrated that in tree swallows at more northern latitudes (Alaska) where yearly adult
return rates are low, breeding females increased their reproductive investment to maintain
offspring quality when compared to swallows at lower latitudes (Tennessee). This idea supports
life history theory, which predicts that individuals with higher survival probabilities are more
likely to invest in self-maintenance rather than reproduction (Ardia, 2005). The results of the
current garter snake study could be a result of such investment trade-offs such that the garter
snakes may be investing more in reproduction than self-maintenance and therefore either were
not up-regulating immune components or were prioritizing their up-regulation to components
associated with wound healing to reduce overall costs of an immune response. Further studies
into the trade-off between reproduction and immunity during the mating season should be
conducted in order to elucidate this trade-off including wound healing studies with populations
of garter snakes at varying latitudes.
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Conclusions
This study aimed to set the groundwork for further investigation into the immune
response to injury during the mating season. It was found that injured animals have less bacterial
killing abilities when compared to healthy individuals, which is reflective of fewer antimicrobial
proteins in circulation. While the mechanisms behind this difference cannot be determined by
this study, it is likely to be either the lack of an up-regulation of antimicrobial proteins due to
restricted energy reserves or immune prioritization. This may result in an increased susceptibility
to infection and disease in naturally wounded animals during the mating season. To further
understand wound healing in these animals, especially in context to mating season, an
experimental wound healing study should be conducted. Completing a wound healing study that
investigates multiple immune parameters, especially healing time, corticosterone levels, and
histology of the wound site along with bacterial killing abilities is possible and would be highly
informative. Completing this study in multiple seasons would allow for an understanding of the
affects of seasonality and reproduction on wound healing abilities. Also, completing this
experiment with an LPS group would allow for further elucidation of the influence of foreign
microbes on healing. Since many of these proposed assays require only small amounts of tissue
or blood/plasma, a time series would also be possible and informative. Based on the immense
amount of physiological and behavioral knowledge that exists regarding the red-sided garter
snakes as a result of decades of rigorous scientific study, this species is a rich subject for
ecoimmunological studies. Ecoimmunology has demonstrated a need for studies on a wide
variety of taxa, especially within ectotherms, and the red-sided garter snake should be included
in further ecoimmunological studies because of the extreme environment they inhabit and
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immense amount of information already known about these animals. Red-sided garter snakes
provide a compelling model to further understand the immune system and the influence of
environmental factors on its functioning.
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CHAPTER 4: CONCLUSIONS
Leslie Blakemore
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This thesis investigated the seasonal and sexual variation of the bacterial killing abilities
of diluted plasma collected from red-sided garter snakes (Chapter 2). The longitudinal
observational study tracking the bacterial killing abilities of plasma, which are reflective of
concentrations of circulating antimicrobial plasma proteins, for males, unmated females, and
mated females. In this study, the time points chosen were specific to different fetal development
stages and included seasons with both high and low available resources. While no trends found
in this study were unpredicted, not all expected trends were significant. While large sample sizes
were attempted, an abnormally high death rate in one group (males) and low neonate birth rates
in mated females resulted in comparisons being made with small sample sizes. Thus, it is
possible that expected trends not supported by this study are actually a result of small sample
sizes and may be evident if the study is repeated with a greater number of individuals in each
group. This study also investigated sexual variation in the field during the mating season
(Chapter 2). This field observational study was conducted during the peak of the mating season
approximately 24 hours after mating. While no differences were found in bacterial killing
abilities of plasma between any groups, it should be noted that the methods of this study only test
for a small branch within the innate immune system and there are likely other immune system
responses occurring. Likely, mucosal related responses could be detected since mating has been
shown to result in a mucosal or cell-mediated immune response in mammals and in birds
(Murphy, 2012; Jantra et al., 2011; Yoshimura, 2004). There is also potential bias towards
healthy individuals since all animals collected for this study seemed to be in good health. Their
health may actually be reflective of their reproductive success (or lack thereof) the prior year.
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This thesis also investigated the bacterial killing abilities of plasma from naturally injured
red-sided garter snakes (Chapter 3). This study found less ability of snake plasma from naturally
injured individuals to kill bacteria with no influence of sex of the animal or severity of the injury.
The timing of the blood draws for this analysis could be an issue since blood collection occurred
at approximately 15-20 hours after injury. Also, the investigation into more long-term effects of
natural injury was accomplished by observing the change in bacterial killing ability 24 hours
after initial capture demonstrated no significant results. Therefore, if a detectable up-regulation
of antimicrobial proteins occurred, it would have been very early in healing. I believe this study
demonstrates just how many unknown factors could be contributing to the outcome of this
specific type of immune response. It should be noted that this was not an experimental study (the
wounds were naturally inflicted) and therefore causal inference cannot actually be made in this
case. To really understand how wounding influences the levels of plasma antimicrobial proteins,
an experimental study with a time series of bactericidal abilities would have to be conducted.
My research provides evidence to support the facultative trade-off between immunity and
reproduction. This concept was supported by two experiments conducted on female tree lizards
(Urosaurus ornatus) by French et al. 2007. These studies found that increasing reproductive
investment which simultaneously limited resources suppressed immune components and limiting
resources alone resulted in immune suppression only when engaging in costly reproductive
activities (French et al., 2007). The immune system as a whole is very complex with many
different components up-regulated and/or suppressed at the same time. The mechanisms behind
the orchestration of this integrative system and its response to injury and illness are not fully
understood. To really understand interactions between the immune system and other
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physiological systems in any group of organisms, a multitude of studies focusing on many
different specific areas across many species needs to be completed. Based on the immense
amount of knowledge that exists regarding the red-sided garter snakes as a result of decades of
rigorous scientific study, this species is a compelling subject for ecoimmunological studies.
Ecoimmunology has demonstrated a need for studies on a wide variety of taxa, especially within
ectotherms. The red-sided garter snake should be included in further ecoimmunological studies
because of the extreme environment they inhabit and immense amount of information already
known about these animals to further understand the immune system and the influence of
environmental factors on its functioning.

Remaining Questions/Future Directions:
Much more can be learned about the immune system of red-sided garter snakes. A good
place to focus next would be investigating if this trade-off is facultative, similar to the study
conducted by French et al. in 2007. In the longitudinal lab study of this thesis, the snakes were
fed once a week. During weekly feeding, the snakes are able to eat as much as they want,
however, a wound healing study alongside bacterial killing abilities assays with groups that are
able to eat twice a week and those that are only able to eat once every two weeks would allow for
an understanding if this trade-off is facultative. Since no differences were found in the bacterial
killing abilities of plasma from males when compared to unmated females, both of these groups
are not necessary. However, I recommend using all groups if wound healing is incorporated
since wound healing was not previously tested and could demonstrate sexual variation due to
multiple immune components being involved in the integrative wound healing process (Demas et
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al. 2011; Martin 1997). I predict the results of such a study would be similar to those found by
French et al. (2007), in that I predict that the results would support a facultative trade-off such
that individuals with more restricted diets would demonstrate reduced healing times and reduced
bactericidal abilities.
Another study that would be very informative would be to repeat the longitudinal study
from Chapter 2 of this thesis with some modifications. An essential modification would be to
include measurements of additional immune parameters, such as white blood cell (WBC) to red
blood cell (RBC) ratios and relative natural antibody concentrations. The WBC to RBC ratios
would be cheap and easy to complete by producing blood smears. The natural antibody portion
could be completed similar to Dugovich et al. (2017), but would require expensive anti-garter
snake IgM custom made antibodies. These antibodies could be used for many other studies and
thus would be a useful tool for more studies into garter snake immunology. This study should
still include the same time points and should include more mated females to ensure that the
sample size for those that give birth is greater. This study would allow for a much better
understanding of the trade-off between immunity and reproduction in this population of redsided garter snakes. While there is some overlap between this suggested study and the first
suggested study, they both provide information necessary to understanding this complex system.
To expand on the observational study in Chapter 3, a seasonal wound healing study
should be completed. While a difference in bacterial killing abilities of plasma between healthy
and injured snakes was found, no differences based on severity of the wound, or sex of the
individual, were apparent. Sample size may be a factor in this case, especially considering the
very small sample size of those with minor wounds and that more females were in the study than
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males. Surprisingly, when attempting to account for changes in bacterial killing abilities after 24
hours of capture, no individuals with minor wounds survived to the second blood draw. Most
individuals for all portions of the study had intermediate (small, with no protruding organs)
wounds. Therefore, a wound healing study should utilize a small punch that would remove
dermal tissue without causing damage to internal structures. This study would be best if
completed in both a low energy availability season, such as during the spring mating season, and
during the summer while snakes are actively acquiring energy. This experimental study would
allow for changes in bacterial killing abilities to be detected by developing a time series over a
few days or weeks following injury. Tracking the healing time would also be informative since
tissue regeneration is a result of integration of different immune components (Demas et al., 2011;
Martin 1997). This experiment could be conducted with males, unmated females, and mated
females, but since the results of Chapter 2 found no seasonal differences between males and
unmated females, reducing the study to only mated and unmated females would reduce the
number of individuals needed while still being very informative. Another interesting component
that would add to this study would be to add a subset of lipopolysaccharide (LPS) treated
individuals. A recent wound healing study on the side-blotched lizard (Uta stansburiana) that
included an LPS group found lizards reduced metabolic rate and lost body mass, but LPS had an
effect on either metabolic rate or change in body mass (Smith et al., 2017). However, studies on
lizards which utilized LPS have found varying results. For instance, some species have
demonstrated a behavioral fever, which is thermoregulation at a higher temperature, in response
to lipopolysaccharide (LPS) challenge including painted turtles (Chrysemys picta), box turtles
(Terrapin carolina), and desert iguanas (Dipsosaurus dorsalis), while other species such as the
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girdled lizards (Ouroborus cataphractus) and brown anoles (Anolis sagrei) have not (Bernheim
and Kluger, 1976; Cox et al., 2015; Kluger et al., 1975; Laburn et al., 1981; Monagas and
Gatten, 1983). For red-sided garter snakes, a behavioral fever does result from an LPS challenge
with an average temperature difference of 1.4°C (unpublished data). LPS challenge also
increases heterophils count, but not white blood cell count in red-sided garter snakes
(unpublished data) indicative of an innate immune response to this challenge. Therefore, adding
an LPS group to this study would be very informative.
Investigating metabolic changes is another area of interest in this species. Metabolic rates
in relation to courtship behavior (Friesen et al., 2017) and in relation to temperature change
(Aleksiuk, 1976) have been studied, but not with respect to immune challenge. A study done by
Smith et al. (2017), investigated metabolic rate with respect to immune challenge and found that
individuals reduced their energy expenditure following immune challenge. Uhrig (2015) found
LPS challenge reduced mating behavior of red-sided garter snake males in the field during the
mating season. Together, this information leads me to predict that wound healing would result in
a reduction of metabolic rate, as would LPS challenge, although possibly only seasonally.
Therefore, a study investigating metabolic changes in red-sided garter snakes utilizing different
immune challenges during different seasons would be very informative.
A final interesting area of study that should be pursued with the red-sided garter snakes is
phagocytic B cells. Phagocytic B-cells have been found in red-eared slider turtles (Trachemys
scripta) (Zimmerman et al., 2010), teleost fishes (Onchorhyncus mykiss and Ictalurus punctatus),
and in an anuran (Xenopus laevis) (Lee et al., 2006). Since mammalian B cells are not
phagocytic, it has been suggested that phagocytic B-cells of more ancestral vertebrates support
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the idea that B cells evolved from an ancestral phagocytic cell type (Lee et al., 2006). While
testing for phagocytic B cells in garter snakes may be challenging, it could be completed with
either custom antibodies or antibodies that bind highly conserved B cell transcription factors,
such as anti-PAX 5 antibodies, which have been shown to be reactive with B cells in humans,
zebra fish (Danio rerio) and Xenopus amphibians (Zwollo et al., 2005). The broad range of
reactivity of these antibodies suggests that they could work for use in garter snakes, but accurate
binding in snakes would need to be tested prior to use in such a study. I predict that garter snakes
would demonstrate phagocytic B cells, adding further evidence of phagocytic B cell possession
the ancestral condition in vertebrates.
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Supplemental Tables for Chapter 2:
Table S1. Results of Tukey's HSD comparing bacterial killing ability of
plasma between gravid and non-gravid mated females for each season.
Gravid to Non-Gravid Mated Females
Difference
Lower Limit
Upper Limit
p-value
Summer
-0.3333
-42.2737
41.6070
1.0000
Fall
0.0144
-41.9259
41.9548
1.0000
Winter
-18.1000
-60.0403
23.8403
0.1756
Spring
-10.9190
-52.8594
31.0213
0.9926
Table S2. Results of Tukey's HSD comparing bacterial killing ability of plasma
between female groups for each season.
Females that gave birth to neonates to Gravid Females that did not.
Difference
Lower Limit
Upper Limit
p-value
Summer
2.5000
-72.1764
77.1764
1.0000
Fall
-38.9175
-113.5939
35.7589
0.9103
Winter
-8.5833
-83.2597
66.0930
1.0000
Spring
25.0833
-49.5930
99.7597
0.9986
Females that gave birth to neonates to Mated but not gravid females.
Difference
Lower Limit
Upper Limit
p-value
Summer
1.3333
-52.2199
54.8865
1.0000
Fall
-15.5814
-69.1346
37.9718
0.9997
Winter
14.6667
-38.8865
68.2199
0.9999
Spring
20.9524
-32.6008
74.5056
0.9930
Females that gave birth to neonates to Unmated Females.
Difference
Lower Limit
Upper Limit
p-value
Summer
2.4091
-50.8730
55.6911
1.0000
Fall
-15.8181
-69.1002
37.4639
0.9997
Winter
48.1212
-5.1608
101.4033
0.1282
Spring
49.8333
-3.4487
103.1153
0.0954
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Gravid Females that did not give birth to neonates to Mated Females that were not
gravid.
Difference
Lower Limit
Upper Limit
p-value
Summer
-1.1667
-64.2797
61.9464
1.0000
Fall
23.3361
-39.7770
86.4491
0.9961
Winter
23.2500
-39.8631
86.3630
0.9962
Spring
-4.1320
-67.2440
58.9821
1.0000
Gravid females that did not give birth to neonates to unmated females
Difference
Lower Limit
Upper Limit
p-value
Summer
-0.9091
-62.9740
62.7922
1.0000
Fall
23.0993
-39.7838
85.9825
0.9964
Winter
56.7045
-6.1786
119.5877
0.1298
Spring
24.7500
-38.1331
87.6331
0.9925
Mated but not gravid to unmated females
Difference
Lower Limit
Upper Limit
p-value
Summer
1.0758
-34.2183
36.3699
1.0000
Fall
-0.2368
-35.5308
35.0573
1.0000
Winter
33.4545
-1.8396
68.7486
0.0846
Spring
28.8810
-6.4131
64.1751
0.2556

Table S3. Results of Tukey's HSD for females that were gravid but did
not give birth across seasons.
Lower
Upper
Difference Limit
Limit
p-value
Summer to Fall
35.4175
-46.3864
117.2214 0.9811
Summer to Winter
-76.7500
-158.5539
5.0539 0.0928
Summer to Spring
37.7500
-44.0539
119.5539 0.9664
Fall to Winter
-41.3325
-123.1364
40.4714 0.0929
Fall to Spring
-2.3325
-84.1364
79.4714 1.0000
Winter to Spring
-39.0000
-120.8039
42.8039 1.0000
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Supplemental Tables for Chapter 3:
Table A2.1. Results of Tukey's HSD comparing bacterial killing ability of
plasma between healthy and injured snakes of different severities for both
sexes.
Severities were scored as either minor (1), intermediate (2), or severe (3).
Males
Lower
Upper
pDifference Limit
Limit
value
Healthy to 1
-11.0744
-65.4802
43.3315 0.9985
Healthy to 2
3.9773
-27.8147
35.7693 0.9999
Healthy to 3
-1.8259
-44.3097
40.6579 1.0000
1 to 2
-51.8978
-147.2738
43.4781 0.7041
1 to 3
-9.2485
-72.8324
54.3355 0.9998
2 to 3
5.8032
-39.9533
51.5597 0.9999
Healthy Males n=37
Males Injury Score 1 n = 5
Males Injury Score 2 n = 20
Males Injury Score 3 n = 9
Females
Difference
Healthy to 1
47.5814
Healthy to 2
-1.7250
Healthy to 3
-5.8820
1 to 2
49.3064
1 to 3
53.4634
2 to 3
4.1570
Healthy Females n=40
Females Injury Score 1 n = 2
Females Injury Score 2 n = 31
Females Injury Score 3 n = 11

Lower
Upper
Limit
Limit
-35.0669
130.2298
-29.1550
25.7050
-44.7996
33.0356
-33.8606
132.4733
-34.1660
141.0928
-35.8501
44.1641

pvalue
0.6406
1.0000
0.9998
0.6051
0.5691
1.0000
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Table A2.2. Results of Tukey's HSD comparing bacterial killing ability of
plasma between healthy and injured snakes of different severities across
sexes.
Severities were scored as either minor (1), intermediate (2), or severe (3).
Males to Females
Difference
Lower Limit
Upper Limit
p-value
1 to 1
-51.8978
-147.2738
43.4781
0.7041
2 to 2
12.4602
-20.2346
45.1550
0.9385
3 to 3
10.8140
-40.4234
62.0514
0.9981
Males Injury Score 1 n = 5
Males Injury Score 2 n = 20
Males Injury Score 3 n = 9
Females Injury Score 1 n = 2
Females Injury Score 2 n =31
Females Injury Score 3 n =11

Table A2.3. Results of Tukey's HSD comparing bacterial killing
ability of plasma between injured and healthy snakes of each
sex.

Males
Females

Difference Lower Limit Upper Limit p-value
-13.2119
-36.2483
9.8244 0.4457
-10.5030
-31.6637
10.6578 0.5707

Healthy Males n=37, Injured Males n=34
Healthy Females n=40, Injured Females n=44
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Table A2.4. Results of Tukey's HSD comparing bacterial killing ability
of plasma between healthy snakes and injured snakes of differenct
severities.
Severities were scored as either minor (1), intermediate (2), or severe
(3).
Lower
pDifference Limit
Upper Limit value
Healthy to 1
-4.7048
-49.9186
40.5091 1.0000
Healthy to 2
-12.0549
-32.8190
8.7092 0.6311
Healthy to 3
-15.4491
-44.8324
13.9342 0.7396
1 to 2
7.3501
-38.7629
53.4632 0.9997
1 to 3
10.7444
-39.8387
61.3274 0.9980
2 to 3
3.3942
-27.3548
34.1432 1.0000
Healthy n=77
Injury Score 1 n=7
Injury Score 2 n=51
Injury Score 3 n=20

Table A2.5. Results of Tukey's HSD comparing bacterial killing
ability of plasma between injured males and injured females.

Males to Females

Difference
5.8002

Lower
Limit Upper Limit
-16.3067
27.9071

pvalue
0.9038

Injured Males n=34, Injured Females n=44

Table A2.6. Results from a two-sample t-test comparing the change in BKAs of healthy to injured snakes 24
hours after capture.
95% confidence interval
limits
t value degrees of freedom
p-value Healthy Mean
Injured Mean
Lower
Upper
0.8273
42
0.4128
1.5600
-8.8421
-14.9737
35.7779
Injured n = 19; Healthy n = 25

