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Synopsis

The immune system is a critical component of health and fitness, whereby organisms must
maintain sufficient health to survive to reproduce. Because of the key role of immunity in an
organism’s fitness, the use of immunological indices is widespread. However, there is a paucity
of empirical support for the best way to interpret immunological data, and the internal energetic
state of the organism, as well as the external environmental pressures it faces, are often not
considered concurrently. Presently, a more robust immune response is thought to be
advantageous, regardless of context. In reality, a “weaker” response may ultimately lead to
improved fitness if the animal incurs fewer performance costs on competing systems, especially
reproduction. To determine the fitness consequences of immunity, individual immunity and
reproduction must be linked to population performance. A synthesis of results are presented
using a well-studied model organism, the side-blotched lizard, from a combination of field and
laboratory studies to test the hypothesis that resource availability alters energy allocation among
the immune and reproductive systems. Specifically, experiments involving specific immune and
reproductive metabolic and performance costs in a laboratory setting are discussed, as well as
associated demographic trade-offs between survival and reproductive success, demonstrating
essential links between immunity and the population.

Introduction

To reproduce, organisms must survive. Central to an organism’s survival is its immune system
(Janeway et al. 2001), but the myriad trade-offs associated with immunity and reproduction
muddle the picture (Lochmiller and Deerenberg 2000; Sheldon and Verhulst 1996), and external
stressors and internal energy budgets must be taken into consideration (Norris and Evans 2000;
Wingfield and Sapolsky 2003). Indeed, just as Dobzhansky famously stated that “Nothing in
biology makes sense except in the light of evolution,” we can also say that nothing makes sense
in without understanding an animal’s energy status. Our objective is to view the organism in
context, by combining controlled laboratory experiments and long-term field studies, and
measuring a multitude of physiological and ecological parameters. By using this integrative
approach, we can extricate the costs of reproduction and immunity, and, ultimately, link these
two systems to understand how they dictate an organism’s reproductive success and lifetime
fitness.

Is a Bigger Immune Response Better?
In some situations, mounting a large immune response is beneficial because clears the organism

of the infection quickly, improving survival probability and the likelihood of reproduction
(Kluger et al. 1975). However, given the costly nature of immunity and its direct competition
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with other systems, reproductive output, and ultimately fitness, might benefit from an attenuated
response (Ardia and Schat 2008; Demas et al. 2012). In fact, many wild animals live with
chronic, life-long infections (Moret and Schmid-Hempel 2000; Ressel and Schall 1989). The
countless examples of parasites coevolving with their hosts indicate that this is not the exception,
but the norm (Lively 1996). Unfortunately, the complicated and numerous relationships among
the immune, neurological, and endocrine systems makes it difficult to separate the different
energetic costs and response to stimuli, and highly-controlled laboratory studies rarely mirror
field conditions. Because natural selection occurs on the landscape of ecological variation, it is
important to consider those pressures and restrictions.

Reptiles as a Model

Ectothermic- Reptiles are excellent models to study these trade-offs. They are ectothermic, so
unlike mammalian models, the body temperature of the organism can be altered experimentally
(Maung 1963) or held constant (Angilletta and Sears 2000), making the animals functionally
homeothermic. This allows us to test for optimal temperatures for certain immunological
pathways that evolved before metabolic thermoregulation held everything constant (Zimmerman
et al. 2010). Using readily-available environmental chambers, temperature treatments can be
given to the animals, and by using temperature-loggers, the behavioral thermoregulation of free-
living individuals can be correlated with other measures of performance (Taylor et al. 2004).

Discrete Reproductive Investment- The costs of reproduction can come in many forms. The
energy required for gamete production (Olsson et al. 1997) and follicular development
(Krawchuk and Brooks 1998) are straightforward, but courtship (Sullivan and Kwiatkowski
2007), carotenoid deposition (Vinkler and Albrecht 2010), and parental care (Case 1978) can
also demand large energetic costs. Although viviparity has evolved multiple times in reptiles
(Shine 1995), ~85% of species lay eggs (Tinkle and Gibbons 1977), which are discrete
reproductive investment units that can be further broken down by nutrient composition to the
yolk and other components (Congdon and Gibbons 1985). The rare, or infrequent, parental care
in reptiles simplifies the complicated behavioral investment made by most birds, and the
relatively huge energetic investment of lactation in mammals. Furthermore, noninvasive
techniques like ultrasonagraphy are useful in determine accurate clutch numbers and follicle
sizes (Gilman and Wolf 2007).

Seasonality- Most reptiles (unlike humans and many other animals) have predictable seasonal
patterns. Even in tropical regions where temperature in largely constant and hibernation does not
occur, water availability causes animals to utilize favorable periods of time to reproduce and
other periods to restore energy reserves or preserve them via torpor or estivation (Logan et al.
2014; Moritz et al. 2012). Comparing animals from the breeding season and nonbreeding season
is a useful way to measure the energetic and nutritional cost of reproductive effort, and the
effects of reproductive investment on immunity.

Territoriality and Housing- Many reptiles are territorial, meaning they are conspicuous and easy

to catch. We can also take advantage of their site fidelity to recapture them days later and
actually conduct immune trials in the field, which can be exceedingly difficult for other animals
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with low chances of recapture (Smith et al. 2013). Although some reptiles can get very large,
most are small, and many are easily housed in commercially-available terraria. The large and
active herpetocultural community is also a good resource for husbandry information. The ease of
captive care makes these animals prime for laboratory studies.

Methodological Approaches

In our lab, we use several physiological tests to determine an animal’s survival and reproductive
viability. Wound healing is an immune challenge that involves multiple aspects of the immune
system. Furthermore, it is ecologically relevant as lizards are often wounded in the wild by
predators or conspecifics. Sterile biopsy punches are used on anesthetized lizards, and digital
images immediately after the wound and throughout the healing profile allow us to determine
healing rate (French et al. 2006). Bactericidal assays are similarly relevant to wild animals,
which must respond to infections. Briefly, a known concentration of bacteria is added to the
animal’s plasma, which contains important immunological components. Natural antibodies,
phagocytes, and other components kill the bacteria. Measuring the growth of resulting bacteria
allows us to determine the bactericidal capacity of the plasma. The assay is customizable, and
can be used with many types of bacteria and different temperatures depending on the question
(French and Neuman-Lee 2012). In addition to these tests and others (lysis and agglutination,
mitogen challenges, and more) we use a portable ultrasound to measure reproductive investment,
often in conjunction with sex steroid analysis. Measuring the immunocompetence and
reproductive investment of an animal can help us determine what energetic decision are
occurring, but other simultaneous processes can complicate the results. For this reason, we also
utilize stable isotope analysis to track resource movement through the animal, along with energy
metabolites in the blood and metabolic rate to assess energy use and status. Circulating and
challenge-induced hormone concentrations are measured, and so is oxidative stress.

Results and Discussion

The costs of reproduction and immunity are both material (proteins and essential minerals) and
energetic, and if resources are limited the reproductive and immune systems are in competition
for them. By using ecologically relevant techniques, we have demonstrated that trade-offs
between the immune and reproductive systems are highly context-dependent (see Table 1). In
wild tree lizards (Urosaurus ornatus), investment into reproduction came at the expense of
wound healing but only during the energetically-taxing period of vitellogenesis (French and
Moore 2008). Administration of follicle-stimulating hormone (FSH) caused a further increase in
reproductive investment that resulted in suppressed healing when resources were held constant
(French et al. 2007). In another study, N'° (a stable isotope) was injected into side-blotched
lizards (Uta stansburiana) during vitellogenesis and a cutaneous biopsy was administered as an
immune challenge. The animals were euthanized and dissected at the end of the experiment, and
lizards that invested more protein into their scabs had reduced enrichment into the follicles,
indicating that the immune challenge reduced reproductive investment in a trade-off. However,
when animals were also injected with FSH, the trade-off reversed and animals that invested more
into their scabs also invested more into their follicles (Smith et al., in prep.). These animals also
had higher metabolic rates, and the simultaneous investment into two competing systems could
indicate that the animals were manipulated toward a terminal investment. To further complicate
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these relationships, the immune system itself prioritizes energy and responds differently
depending on the challenge. For instance, side-blotched lizards receiving lipopolysaccharide, did
not show an increase in metabolic rate as expected, while lizards receiving a cutaneous biopsy
dropped their metabolic rates in response, probably due to sickness behavior (Smith et al., in
review).

When animals make resource allocations to immune and reproductive processes, other important
aspects of their performance can suffer as well. We observed sprint speed, a factor important for
escaping predators (Husak et al. 2006), in control lizards and lizards that received a cutaneous
biopsy. Lizards that healed their wounds more quickly had slower sprint speeds, perhaps due to
energetic or protein prioritization, or behavioral changes (Hudson, unpublished data). It may also
be due to an overall downregulation of metabolism following a wound that we have observed
repeatedly in side-blotched lizards. These behavioral parameters are important to consider
because they can affect survival, and ultimately fitness, in wild populations.

What is Natural?

The strength of laboratory studies comes from the high degree of control researchers can achieve
on their experimental treatments. However, the very mechanisms we are trying to understand
evolved in a variable landscape, so field studies are crucial (see Table 2). Further complicating
matters is the anthropogenic impact on virtually every ecosystem on the planet. To address this
effect, we have sampled urban and rural populations of side-blotched lizards (Uta stansburiana)
inside and near the city of Saint George, Utah. These short-lived species were expected to
display differences in resource allocation across urban and rural sites, and in 2010 urban animals
had higher levels of corticosterone, increased reproductive investment, and decreased
immunocompetence (Lucas and French 2012). However, subsequent years of study have shown
that precipitation can influence these factors. Lizards had higher reproductive investment and
lower immune capacity during wetter years, and urban animals had more variation among these
traits, perhaps indicating greater phenotypic plasticity (Smith et al., in prep.). A disparity in diet,
based on isotope signature, also emerged between urban and rural sites (Durso et al., in review)

The ultimate goal of the long-term sampling effort in Saint George is to determine how
physiological attributes of individuals contribute to populations over time. Lucas and French
(2012) found reduced survival at the urban sites within a season, and a multi-year population
model corroborates that finding (Smith et al., in prep.).

Short-lived and Long-lived Species

Certain attributes must be known to measure an animal’s success, including lifespan. Side-
blotched lizards are known to be longer-lived at northern latitudes than in the south (Tinkle
1967), so it stands to reason that physiological criteria vary along a latitudinal gradient as well.
In 2012, lizards in Oregon had higher corticosterone concentrations and innate immune ability,
but decreased reproductive investment compared to lizards in southern Utah. We hypothesized
that the longer lifespans in northern animals would allow them future reproductive opportunities
if they survived to the next breeding season, so increasing immune function at the expense of
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immediate reproduction was favorable. More southerly lizards were limited in terms of lifespan
and were investing in immediate reproduction (Smith et al., in prep.).

Even the longest-lived side-blotched lizards rarely exceed 7-years old, and these individuals are
exceptional (P.A. Zani, pers. comm.), but reptiles also include some of the longest-living
vertebrates known to science, with some species living more than 100 years (Garrick et al. 2012).
Marine iguanas (Amblyrhynchus cristatus) have an extended reproductive life (Wikelski and
Wrege 2000) and appear to utilize a different strategy in response to anthropogenic disturbance,
making them a good model to study how longer-lived species cope with change. Marine iguanas
subjected to higher levels of tourism intensity have decreased bactericidal ability and smaller
clutches sizes. This could be because these animals are entering a resource-saving state and
reducing unnecessary expenditures, or because the stress of living with tourists is detrimental to
these animals. Higher oxidative stress in the form of reactive oxygen metabolites at the tourist
sites are further evidence in support of this hypothesis (French et al., in review).

The northern Bahamian rock iguana (Cyclura cychlura) is also long-lived, with an estimated
lifespan of at least 30 years of age (Iverson et al. 2004). Endemic to the Bahamas, these lizards
are listed as vulnerable on the International Union for Conservation of Nature Red List (Knapp et
al. 2004). We are working in collaboration with the Shedd Aquarium to follow up on studies by
Knapp et al. (2013), who found altered blood chemistry, including elevated blood glucose at sites
frequented by tourists. Researchers also found that along with altered diet at tourist sites there is
increased population abundance and decreased survival, (Hines 2011; Iverson et al. 2006; Smith
and Iverson 2015), hinting at similar population responses to those observed in side-blotched
lizards in response to urbanization. More recently we have also been measuring reproductive
investment, immunity and oxidative stress across these populations.

Conclusions

So, is a bigger immune response a better immune response? Not necessarily. Being efficient with
energetic and material resources among physiological systems, while responding appropriately to
different stressors, appears to be most important. Our research up to this point indicates that there
is a direct competition for resources between the immune and reproductive system, and these
resources can include both energy and proteins. However, these trade-offs are not always
predictable, and vary with reproductive stage, energy availability, and external stressors.
Furthermore, behavioral changes like reduced sprint speed or sickness behavior must be
considered when determining the animal’s overall performance. Likely, subtle differences in
energy status and timing lead to variations in trade-offs that increase lifetime fitness. Along the
same lines increased immune efficiency rather than maximize response robustness is likely the
most effective strategy. When individuals utilize different strategies that alter their own survival
or reproductive output, the population as a whole can be affected by the life-history choices. In a
world dominated by anthropogenic change, it is crucial to understand how individuals inform
population dynamics that in turn determine the persistence of a species.
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Table 1. Immune and reproductive trade-offs via laboratory experiments.

Species

Challenge

Outcome

Citation

Page 10 of 11

Urosuarus ornatus

Urosuarus ornatus

Urosuarus ornatus

Uta stansburiana

Uta stansburiana

Uta stansburiana

Uta stansburiana

Uta stansburiana

Cutaenous biopsy & food restriction
Cutaneous biopsy, follicle-stimulating,
hormone (FSH), & food restriction
Cutaneous biopsy

Cutaneous biopsy & restraint stress

Cutaneous biopsy

Cutaneous biopsy &
lipopolysaccharide (LPS)

Cutaneous biopsy

Cutaneous biopsy & FSH

Trade-offs between immune and reproductive systems only occurred with limited
resources

Suppressed wound healing during vitellogenesis when food was limiting;
FSH increased reproductive investment and suppressed wound healing

Suppressed wound healing during vitellogenesis in females in the wild;
suppressed wound healing in mid-reproductive season in laboratory-housed males

Suppressed bactericidal ability after restraint stress in wounded lizards, but
faster early wound healing correlated positively with bactericidal ability

Advanced reproductive stage correlated with more N'* being deposited into
follicles at the expense of healing wounds

Biopsies deceased metabolic rate while LPS did not, although it did increase
bactericidal ability. The greater the decrease in metabolic rate, the greater the
wound healing rate

Greater wound healing rate correlated negatively with spring speed

Biopsies decreased metabolic rate; FSH increased it. N'* trade-off observed
In absence of FSH, but FSH injected reversed the trade-off
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1
2
3 . . . . .
4 Table 2. Immune and reproductive trade-offs observed in wild animals (field studies).
5
6
7
8 Species Challenge Outcome Citation
9
10 Urosuarus ornatus Cutaneous biopsy Suppressed wound healing during vitellogenesis in females in the wild; (French and Moore 2007)
11 suppressed wound healing in mid-reproductive season in laboratory-housed males
:]] g Urosuarus ornatus Urban-rural gradient Urban lizards had lower heterophil:lymphocyte ratios but higher overall leukocyte (French et al. 2008)
counts

14
15 Amblyrhynchus cristatus Ecotourism, cutaneous biopsy, Suppressed wound healing & hemolytic complement activity at tourist sites. (French et al. 2010)
16 & restraint stress Baseline bactericidal ability similar, but post-stress ability suppressed at tourist sites
17 Uta stansburiana Urban-rural gradient Reduced survival and immunocompetence at urban sites, but increased (Lucas and French 2012)
18 reproductive investment
19

ta stansburiana rban-rural gradient sotope signatures between urban and rural lizards indicate different diets. urso et al., in prep
20 Ui buri Urb 1 gradi I i b b d 1 lizards indi diff di (D L., )
o1 These nutritional differences can be predictive of bactericidal ability & stress reactivity

ta stansburiana atitudinal gradient onger-lived northern animals had increased bactericidal ability & reduce mith et al., in pre
22 Ui buri Latitudinal gradi Longer-lived h imals had i d b icidal ability & reduced (Smith et al., in prep)
23 reproductive investment compared to southern lizards in 2012, but drought

conditions reversed this trend in 2013

24
25 Uta stansburiana Urban-rural gradient Reproductive investment increased at the expense of bactericidal ability in (Smith et al., in prep)
26 wetter years in urban & rural sites. Trend reversed in drier years, & urban lizards
27 changed more in response to precipitation. Survival greater in rural populations
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
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