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Abstract

Chronic stress can have detrimental effects on long-term health of amphibians.
Sex and morph may cause variation in stress within salamanders such as the Arizona
tiger salamaders (Ambystoma mavortium nebulosum) at the Mexican Cut Nature
Preserve due to differences in biotic or abiotic conditions (e.g., resource availability and
reproductive opportunities). Established methods of sampling for stress hormones, or
glucocorticoids, are often not suitable for working with threatened or endangered
species, or for field use. A newly developed non-invasive sampling method of using
swabs to collect dermal secretions is a rapid and reliable alternative to sample
hormones from amphibian species in the field. We swabbed Arizona tiger salamanders
dorsally to collect resting and elevated stress samples. Samples will be assayed using
ELISA to detect variation in stress. This study will provide a better understanding of
population health and body condition. Future research utilizing this method could clarify
the effects of climatic variation and population density on this population.

Introduction

Glucocorticoids are steroids released by vertebrates in response to a stressor to
increase chances of short-term survival (Sapolsky et al., 2000). Prolonged
glucocorticoid activity, also known as chronic stress, has adverse effects on long-term
individual health that can result in increased mortality (Wingfield and Romero, 2010).
Environmental factors such as temperature (Rollins-Smith, 2017; Waterhouse et. al,
2017), intraspecific density (Millikin et al., 2019; Cooperman et al., 2004), and resource
availability (French et al., 2007) create detectable variation in stress levels within a
population. Stress and subsequent survival and reproduction of a population is often
significantly influenced by habitat alteration (Wingfield and Romero, 2010). This is
especially true in amphibians, as they are often dependent on both terrestrial and
aquatic habitats (Semlitsch, 2000) and are extremely sensitive to changes due to
physiological and behavioral attributes (Blaustein et al., 2001).

The Mexican Cut Nature Preserve (MCNP) in the Elk Mountains of Colorado is
home to a polyphenic population of Arizona tiger salamanders (Ambystoma mavortium
nebulosum). Individuals of this species may metamorphose and become terrestrial, or
forgo metamorphosis to sexually mature and remain aquatic, depending on both
genetics and characteristics of the environment - a trait known as facultative
paedomorphosis (Whiteman et al., 1996). Stress may play a pivotal role in the life
history of these polyphenic animals (Carr and Norris, 1988; Denver, 1997) as well as
their lifetime fitness (Houck et al., 1996; Homan et al., 2002b; Lacket et al., 2019). The
high elevation environment at MCNP is greatly impacted by increased temperatures and
precipitation fluctuations caused by climate change (Randin et al., 2009; Beniston et al.,
1997; Pauchard et al., 2016). The unpredictable environmental stressors of climate



change, such as reduced prey availability (Forcada and Hoffman, 2014), elevated water
temperatures (Weerathunga and Rajapaksa, 2020), and altered breeding seasons
(Blaustein et al., 2001), may be detrimental for long-term amphibian population health
(Rollins-Smith, 2017). The sensitivity of the local environment, paired with the
facultatively paedomorphic nature of the focal species, makes Arizona tiger
salamanders of conservation interest (Lackey et al., 2019; Denoel et al., 2005). Stress
hormones have been previously studied in congeners such as eastern tiger
salamanders (Ambystoma tigrinum; Carr and Norris, 1988) and spotted salamanders
(Ambystoma maculatum; Davis et al., 2009), but not in polyphenic populations such as
at MCNP.

Corticosterone is the primary glucocorticoid released by amphibians in response
to stress (Jungreis et al., 1970). Sex differences can create significant corticosterone
variation within Ambystomatid species (Davis et al., 2019; Houck et al., 1996; Homan et
al., 2002a; Homan et al., 2002b). The energy expense of reproduction differs in males
and female salamanders; males typically have lower metabolisms that allow them to
migrate to breeding grounds earlier in the year, risking freezing temperatures but
increasing chances of locating a mate (Minton, 2001). Alternatively, gravid females that
postpone migration for warmer temperatures have increased energy expenditure
associated with higher metabolic rates (Morbey and Ydenberg, 2001). Other
physiological and behavioral differences of the sexes may create corticosterone
variation in response to similar conditions (Homan et al., 2002a). Morph may further
influence stress levels due to differential pressure of predation and resource availability
(Davis and Milanovich, 2010; Wissinger et al., 2010). Consequences of increased stress
within a morph may include decreased fitness, as same-sex tiger salamander
paedomorphs and metamorphs were found to have significantly different lifetime fitness
(Lackey et al., 2019).

Non-invasive corticosterone sampling allows for a non-lethal, rapid evaluation of
population health in species that are typically difficult to monitor, due to their small size
and secretive nature (Homan et al., 2002b). A recent study has examined and validated
the physiological relevance of dermally secreted corticosterone assays for aquatic
Mexican axolotls (Ambystoma mexicanum) and mudpuppies (Necturus maculosus) that
is appropriate for field use (Santymire et al., 2018). This procedure utilizes swabbing
techniques to compare baseline, or non-stressed glucocorticoid concentrations (Malisch
et al., 2007), to those of post-induced stress (Santymire et al., 2018).

This study is designed to determine if morph- and sex-specific differences occur
in corticosterone of the Arizona tiger salamander (Ambystoma mavortium nebulosum).
Physiological differences between sexes (Minton, 2001; Morbey and Ydenberg, 2001;
Lackey et al., 2019) and morphs (Davis and Milanovich, 2010; Wissinger et al., 2010) in
a polyphenic species may cause variation in corticosterone over time. Body condition



(Whiteman et al., 1996) and pond characteristics (Denoel et al., 2005; Whiteman et al.,
1996; Wissinger et al., 2010) may influence corticosterone as well. If there is variation in
adult Arizona tiger salamanders (Ambystoma mavortium nebulosum), then we predict
that paedomorphs will ultimately have the highest corticosterone concentrations due to
restricted prey availability and high population density in aquatic environments (Davis
and Milanovich, 2010; Wissinger et al., 2010).

Methods

At MCNP, we used dip nets to catch 76 adult Arizona tiger salamanders (Table
1). Capture sites were of similar water depth and temperature (Figure 1). Within 3
minutes of animal capture (Romero and Reed, 2005), a baseline corticosterone sample
was collected. While wearing powder-free latex gloves, the animal was held securely
without touching the mid-dorsum. A 4 x 1 centimeter area of the mid-dorsum was
swabbed 6 times using a cotton-tipped wooden swab precut to 4 cm. Samples were
stored at ambient temperature within 2 mL sterile plastic vials, pre-prepared with 1 mL
of 70% ethanol (Santymire et al., 2018).

The salamanders were then placed into plastic buckets of pond water
immediately after initial sampling. Eighteen minutes after capture, stress was induced
through manual restraint within water for 5 minutes. Animals were brought out of the
water once a minute for 15 seconds. Elevated stress samples were collected at 0, 30,
60, 90 and 120 minutes post-stressor. Water temperature was measured directly after
induced stress and 120 minutes post-stressor. After all samples were completed,
animals were measured for snout to vent length (SVL; mm), total length (mm), wet mass
(g), body and gill condition, and reproductive status before releasing them at their
original location. Additional information such as age, life history, and individual
identification (toe clips or PIT tags) was also recorded. Body condition was calculated
by dividing mass by SVL (Earl and Whiteman, 2010).

Within 12 hours of collection, samples were stored at 4.4°C to prevent
evaporation. Corticosterone ELISA kits (Arbor Assays) validated for axolotl dermal
corticosterone secretions (Santymire et al., 2018) will be used to test samples in
duplicate.

A linear mixed effects model will be used to compare samples in R. To determine
variation in baseline corticosterone samples, morph, sex, pond, body condition, and
water temperature will be examined as predictor variables. Animal ID and pond will be
analyzed as random effects of corticosterone concentration. To examine stress
responses over time, time of sample (0, 30, 60, 90, and 120 minutes post-stressor) will
be examined.

Current and Expected Results




Metamorph males and paedomorphic females are predicted to have the highest
corticosterone concentrations, both initially and over time (Figures 2 and 3), as these
groups have fewer opportunities to find suitable mates (Lackey et al., 2019). If we find
that corticosterone variation is similar within each sex, then we predict that both sexes
of paedomorphs will have higher concentrations of corticosterone than metamorphs, as
intraspecific competition for resources is significantly higher in permanent ponds when
compared to semi-permanent ponds (Denoel et al., 2005; Whiteman et al., 1996;
Wissinger et al., 2010).

Sex and body condition influence an individuals life history, as there are tradeoffs
for metamorphosing (Lacket et al., 2019). These tradeoffs often lead to uneven
sex:morph ratios in a polyphenic population, and are apparent in the MCNP Arizona
tiger salamander population and are reflected in our sampling pool (Table 1). Body
condition may play a role in corticosterone variation (Figure 4).

During this study we discovered that swab color varied between metamorphs and
paedomorphs. Swabs were always white when sampling secretions of metamorphs;
when sampling paedomorphs, their secretions were consistently a dark grey color, and
the swabbing site would also turn grey. This may be due to differences in slime coats
and skin between the morphs (Stuelpnagel and Reiss, 2005).

Revised Timeline

Data Collection 7/2/2020 - 08/01/2020

Sample Analysis at Murray State 8/31/2020 - ?

University

Data Analysis 8/31/2020 - ?
Discussion

Sex and morph may cause baseline corticosterone variation in adults within the
MCNP Arizona tiger salamander population, as well as causing a difference in stress
responses over time. A non-invasive method of sampling secreted corticosterone could
provide insight regarding the effects of stress on growth, fitness, and dispersal.
Sampled over time, such data will provide a better understanding of the impacts of
climate change and other environmental stressors, such as intraspecific density and
predator density, on individual body condition, corticosterone concentration, morph, and
overall population health.

Smaller or thinner animals, especially paedomorphs in intraspecific-dense ponds, are
predicted to have higher corticosterone than larger, fatter animals due to intraspecific



competition for limited prey availability (Whiteman et al., 1996) and risk of becoming
victim to cannibalism (Wissinger et al., 2010; Denoel et. al, 2006). Such conditions may
cause corticosterone to be highest in small paedomorphs (Wissinger et al., 2010).

As ectothermic animals, water temperature variation could influence
corticosterone. Increased water temperatures have environmental impacts such as
altered pH and reduced growth rate in amphibians (Keen and Schroeder, 1975). We
expect animals of the same pond and body condition to have similar corticosterone
concentrations, due to environmental characteristics such as resource availability
(Forcada and Hoffman, 2014) and population density (Wissinger et al., 2010). If these
results are not similar, then we can show that the predictor variables of morph and sex
influence corticosterone variation.

Future research into this subject would allow exploration into how individuals of
the MCNP population vary in stress and body condition over time or by season, through
annual sampling. Additionally, this study could provide a foundation for studying the
effects of environmental variation on stress. Elevational gradient could impact stress
through variation of water oxygen content and rate of snowmelt (Ding et al., 2009).
Climatic variation, such as altered temperatures and hydroperiod, may increase stress
(Rollins-Smith, 2017; Waterhouse et. al, 2017). Intraspecific population and correlated
resource availability could cause significant stress variation in individuals of differing
body conditions (Millikin et al., 2019; Cooperman et al., 2004; French et al., 2007).
Finally, cannibalistic predator density could have an interesting effect on paedomorphic
corticosterone concentrations (Wissinger et al., 2010) on corticosterone variation.
Chronic stress could increase an individual’s susceptibility to chytrid through
suppression of the immune system (Davidson et al., 2003).

Acknowledgments

This work was supported by the Rocky Mountain Biological Laboratory REU
program, and the Watershed Studies Institute of Murray State University. | thank Dr.
Rachel Santymire for method consultation, and Dr. Andrea Darracq for assistance in
laboratory sample analysis. Additional thanks go to John Hewlett, Emily Hoard, Dr.
Scott Thomas, Dr. Jennie Reithel, Dr. Alice Millikin, and Michelle Wood. All research
was conducted in accordance with IACUC guidelines.

Literature Cited

Beniston M, Diaz HF, Bradley RS. 1997. Climatic change at high elevation sites: an
overview. Clim Change. 36(3-4):233-251.



Blaustein AR, Belden LK, Olson DH, Green DM, Root TL, Kiesecker JM. 2001.
Amphibian Breeding and Climate Change. Conserv Biol. 15(6):1804—-1809.

Carr JA, Norris DO. 1988. Interrenal activity during metamorphosis of the tiger
salamander, Ambystoma tigrinum. Gen Comp Endocrinol. 71(1):63-69.

Cooperman MD, Reed JM, Romero LM. 2004. The effects of terrestrial and breeding
densities on corticosterone and testosterone levels in spotted salamanders, Ambystoma
maculatum. Can J Zool. 82(11):1795-1803.

Davidson EW, Parris M, Collins JP, Longcore JE, Pessier AP, and Brunner J. (2003)
Pathogenicity and Transmission of Chytridiomycosis in Tiger Salamanders (Ambystoma
tigrinum). Copeia: September 2003, Vol. 2003, No. 3, pp. 601-607.

Davis AK, Maerz JC. 2009. Effects of larval density on hematological stress indices in
salamanders. Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology. 311A(9):697 —704. doi:10.1002/jez.557. http://dx.doi.org/10.1002/jez.557.

Davis AK, Milanovich JR. 2010. Lead-phase and red-stripe color morphs of red-backed
salamanders Plethodon cinereus differ in hematological stress indices: A consequence
of differential predation pressure? Current Zoology. 56(2):238—-243.
doi:10.1093/czo0l0/56.2.238. http://dx.doi.org/10.1093/czoolo/56.2.238.

Davis DR, Ferguson KJ, Schwarz MS, Kerby JL. 2019. Effects of agricultural pollutants
on stress hormones and viral infection in larval salamanders. Wetlands.:1-10.

Denoél M, Joly P, Whiteman HH. 2005. Evolutionary ecology of facultative
paedomorphosis in newts and salamanders. Biol Rev Camb Philos Soc. 80(4):663—671.

Denoél M, Whiteman HH, Wissinger SA. 2006. Temporal shift of diet in alternative
cannibalistic morphs of the tiger salamander, Biological Journal of the Linnean Society
89(2): 373-382.

Denver RJ. 1997. Environmental Stress as a Developmental Cue:
Corticotropin-Releasing Hormone Is a Proximate Mediator of Adaptive Phenotypic
Plasticity in Amphibian Metamorphosis. Hormones and Behavior. 31(2):169-179.
doi:10.1006/hbeh.1997.1383. http://dx.doi.org/10.1006/hbeh.1997.1383.



Ding L, Zhang L, Yang D, Lai Q, Huang F, Shi R. 2009. Regional variation of river water
oxygen isotope and empirical elevation prediction models in Tibetan Plateau. Quat Sci.
29(1): 1-12.

Earl JE and Whiteman HH. 2010. Evaluation of Phosphate Toxicity in Cope’s Gray
Treefrog (Hyla chrysoscelis) Tadpoles. Journal of Herpetology 44:2:201-208.

Forcada J, Hoffman JI. 2014. Climate change selects for heterozygosity in a declining
fur seal population. Nature. 511(7510):462—465.

French SS, McLemore R, Vernon B, Johnston GIH, Moore MC. 2007. Corticosterone
modulation of reproductive and immune systems trade-offs in female tree lizards:
long-term corticosterone manipulations via injectable gelling material. Journal of
Experimental Biology. 210(16):2859 —2865. doi:10.1242/jeb.005348.
http://dx.doi.org/10.1242/jeb.005348.

Homan RN, Reed JM, Romero LM. 2003a. Corticosterone concentrations in free-living
spotted salamanders (Ambystoma maculatum). Gen Comp Endocrinol. 130(2):165-171.

Homan RN, Regosin JV, Rodrigues DM, Michael Reed J, Windmiller BS, Michael
Romero L. 2003b. Impacts of varying habitat quality on the physiological stress of
spotted salamanders (Ambystoma maculatum). Animal Conservation forum. 6(1):11-18.

Houck LD, Mendonga MT, Lynch TK, Scott DE. 1996. Courtship behavior and plasma
levels of androgens and corticosterone in male marbled salamanders, Ambystoma
opacum (ambystomatidae). Gen Comp Endocrinol. 104(2):243-252.

Jungreis AM, Huibregtse WH, Ungar F. 1970. Corticosteroid identification and
corticosterone concentration in serum of Rana pipiens during dehydration in winter and
summer. Comp Biochem Physiol. 34(3):683—689.

Keen W and Schroeder E. 1975. Temperature Selection and Tolerance in Three
Species of Ambystoma Larvae. Copeia, 1975(3), 523-530.

Lackey ACR, Moore MP, Doyle J, Gerlanc N, Hagan A, Geile M, Eden C, Whiteman
HH. 2019. Lifetime Fitness, Sex-Specific Life History, and the Maintenance of a
Polyphenism. Am Nat. 194(2):230-245.



Malisch JL, Saltzman W, Gomes FR, Rezende EL, Jeske DR, and Garland T Jr. 2007.
Baseline and Stress-Induced Plasma Corticosterone Concentrations of Mice Selectively
Bred for High Voluntary Wheel Running. Physiological and Biochemical Zoology 80, no.
1 (January/February 2007): 146-156.

Millikin AR, Woodley SK, Davis DR, Anderson JT. 2019a. Habitat Characteristics in
Created Vernal Pools Impact Spotted Salamander Water-Borne Corticosterone Levels.
Wetlands. 39(4):803—-814.

Minton SA Jr. 2001. Amphibians reptiles of Indiana (Revised 2nd Edition). Indianapolis:
Indiana Academy of Science. Morbey YE, Ydenberg RC. 2001. Protandrous arrival
timing to breeding areas: a review. Ecol Lett. 4(6):663—673.

Newcomb Homan R, Regosin JV, Rodrigues DM, Reed JM, Windmiller BS, Romero
LM. 2003. Impacts of varying habitat quality on the physiological stress of spotted
salamanders (Ambystoma maculatum). Anim Conserv. 6(1):11-18.

Pauchard A, Milbau A, Albihn A, Alexander J, Burgess T, Daehler C, Englund G, Essl F,
Evengard B, Greenwood GB, et al. 2016. Non-native and native organisms moving into
high elevation and high latitude ecosystems in an era of climate change: new
challenges for ecology and conservation. Biol Invasions. 18(2):345-353.

Randin CF, Engler R, Normand S, Zappa M, Zimmermann NE, Pearman PB, Vittoz P,
Thuiller W, Guisan A. 2009. Climate change and plant distribution: local models predict
high-elevation persistence. Glob Chang Biol. 15(6):1557—-1569.

Rollins-Smith LA. 2017. Amphibian immunity—stress, disease, and climate change. Dev
Comp Immunol. 66:111-119.

Romero LM, Reed JM. 2005. Collecting baseline corticosterone samples in the field: is
under 3 min good enough? Comp Biochem Physiol A Mol Integr Physiol. 140(1):73-79.

Santymire RM, Manjerovic MB, and Sacerdote-Velat A. 2018. A novel method for the
measurement of glucocorticoids in dermal secretions of amphibians. Consv. Phys. 6.
Doi: 10.1093/conphys/coy008

Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids influence stress
responses? Integrating permissive, suppressive, stimulatory, and preparative actions.
Endocr Rev. 21(1):55-89.



Semlitsch RD. 2000. Principles for Management of Aquatic-Breeding Amphibians. J
Wildl Manage. 64(3):615-631.

Stuelpnagel JT and Reiss JO. 2005. Olfactory metamorphosis in the Coastal Giant
Salamander (Dicamptodon tenebrosus). J of Morphology 266(1):22-45.

Waterhouse MD, Sjodin B, Ray C, Erb L, Wilkening J, Russello MA. 2017.
Individual-based analysis of hair corticosterone reveals factors influencing chronic
stress in the American pika. Ecology and Evolution. 7(12):4099-4108.
doi:10.1002/ece3.30009.

Whiteman HH, Wissinger SA, Brown WS. 1996. Growth and foraging consequences of
facultative paedomorphosis in the tiger salamander, Ambystoma tigrinum nebulosum.
Evol Ecol. 10(4):433 —446.

Wingfield JC, Romero LM. 2010. Adrenocortical responses to stress and their
modulation in free - living vertebrates. Compr Physiol.:211-234.

Wissinger SA, Whiteman HH, Denoél M, Mumford ML, Aubee CB. 2010. Consumptive
and nonconsumptive effects of cannibalism in fluctuating age-structured populations.

Ecology. 91(2):549-559.

Tables and Figures

Tables

Table 1. Biometrics of sampled Arizona tiger salamanders (Ambystoma mavortium
nebulosum).

Morph Sex # of Mean Range Mean | Range Mean
animals | SVL (mm) mass body
sampled (9) condition

Metamorph Female | 21 93.86 80-106 |31.68 |17.15-64.95 | 0.338

Metamorph Male 11 92.09 84 - 100 |26.77 |18.83 —38.36 | 0.291

Paedomorph | Female | 14 89.64 73-117 | 29.71 [ 10.64 —78.82 | 0.331

Paedomorph | Male 30 85 75-105 [19.17 | 10.18 — 36.06 | 0.226
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Figure 1. Ponds at the Mexican Cut Nature Preserve that Arizona tiger salamanders
(Ambystoma mavortium nebulosum) were captured from.
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Figure 2. Expected average corticosterone concentrations of male paedomorph and
metamorph Arizona tiger salamanders (Ambystoma mavortium nebulosum).
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Figure 3. Expected average corticosterone concentrations of female paedomorph and
metamorph Arizona tiger salamanders (Ambystoma mavortium nebulosum).
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Figure 4. Distribution of body conditions of sampled Arizona tiger salamanders
(Ambystoma mavortium nebulosum).



