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Interacting effects of temperature and food on early growth of two plethodontid salamanders 
 

Charlie Holguin 

ABSTRACT (ACADEMIC) 
 

An amphibian’s life history includes patterns such as growth, development, and reproduction. 
These life history traits are essential to the fundamental understanding of population dynamics. Despite 
the importance of life history traits, key knowledge gaps still exist, hindering key information on 
birth/death rates, age/size at sexual maturity, size at metamorphosis, and clutch sizes for amphibians. 
Moreover, these life patterns can vary due to environmental conditions such as temperature and food 
availability, further emphasizing the importance of knowledge of species demographics. In this study, I 
aimed to investigate the growth of young-of-the-year and juvenile plethodontid salamanders with 
different life cycles, Plethodon cinereus (direct development) and Eurycea cirrigera (metamorphosis). 
Specifically, I was interested in examining the response of growth trajectories to different temperatures 
and food availability. I hypothesized that salamanders in the high-temperature treatment will grow 
faster initially but will be smaller at the conclusion of the experiment, while salamanders in the low- 
temperature treatment will grow slower initially but will be larger at the end of the experiment. To 
investigate the interaction between body size and environmental conditions, I exposed both species of 
salamanders to a factorial design, with two food treatments crossed with two temperature treatments. 
To analyze the data, I used a generalized additive mixed model (GAMM). The study revealed distinct 
growth patterns for both species of salamanders. P. cinereus experienced linear growth throughout the 
duration of the study, whereas E. cirrigera displayed non-linear growth (Throughout the experiment, 
salamander experienced a decrease in total length and mass). The results of the GAMM did not support 
my hypothesis for P. cinereus. However, the GAMM results did provide support for my hypothesis in the 
case of E. cirrigera under high food availability treatment. Furthermore, salamanders with limited food 
availability in both experiments grew at a slower rate. Forecasting the impacts of climate change on 
salamander populations is complex and will require the understanding of habitat quality and climate 
factors. 



 

Interacting effects of temperature and food on early growth of two plethodontid salamanders 
 

Charlie Holguin 

ABSTRACT (GENERAL AUDIENCE) 
 

With the threats of climate change, habitat fragmentation, and disease looming, it’s crucial we 
begin to understand amphibian life history traits, which includes the patterns of growth, development, 
and reproduction. These life history traits can vary due to environmental conditions and are essential to 
the fundamental understanding of population size and structure. Despite the importance of life history 
traits, information on amphibian birth/death rates, age/size at sexual maturity, size at metamorphosis, 
and clutch sizes are unknown, further emphasizing the importance of understanding species 
demographics. In this study, I investigated the growth of young-of-the-year and juvenile individuals of 
two plethodontid salamander species: eastern red-backed salamander and the southern two-lined 
salamander. These species exhibit two different life strategies. The eastern red-backed salamander is a 
fully terrestrial direct developing salamander without a distinct metamorphic stage, experiencing 
gradual growth without major morphological changes. However, the southern two-lined salamander 
semi aquatic salamander that goes through metamorphosis (Undergoes an aquatic larval stage but 
transitions to a terrestrial salamander), experiencing major morphological and physiological changes. I 
investigated the growth response of these two species of salamanders when exposed to different 
temperatures and when food availability varied from high to low. I hypothesized that salamanders in the 
high-temperature treatment will grow faster but be smaller at the conclusion of the experiment. While 
salamanders in the low-temperature treatment would grow slower but be larger at the end of the 
experiment. To understand the interaction between body size and environmental conditions, I exposed 
both species of salamanders to a 2x2 factorial experiment design that consisted of 2 food treatments 
and 2 temperature treatments. To analyze the results, I used a generalized additive mixed model. The 
results of the study indicated that both species of salamander differed in growth. The eastern red- 
backed salamander demonstrated linear growth throughout the experiment, while the southern two- 
lined salamander exhibited non-linear growth (During the experiment, salamanders experienced a 
decrease in total length and mass). However, the results of the eastern red-backed salamander did not 
support my hypothesis. Conversely, when food availability was high enough, the results supported my 
hypothesis for the southern two-lined salamander. Moreover, salamanders exposed to limited food 
availability in both experiments experienced a decrease in growth rates. Forecasting the impacts of 
climate change on salamander populations is complex and will require comprehension and insight to 
habitat quality and climate variables. 
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Introduction 
 

Currently, there are a total of 516 described species of salamanders in the Plethodontidae 

salamander family, accounting for 71% of the global salamander population (Beachy et al. 2017, Frost 

2023). Making the Plethodontidae family the largest salamander family in the world (Beachy et al. 2017, 

Frost 2023). The plethodontid family contains 28 genera, with a wide array of diversity due to its 

geographic distribution and evolutionary history (Beachy et al. 2017, Rabosky and Adams 2012). Most 

notability, plethodontid salamanders are known for being lungless, relying on cutaneous respiration for 

gas exchange (Marshall and Camp 2006). As a result, the salamanders must remain moist to avoid 

desiccation due to their permeable skin (Feder 1983, Marshall and Camp 2006). In addition to their 

lungless trait, plethodontid salamanders demonstrate three different life cycles among different species 

(Direct development, Biphasic, and Paedomorphosis). Due to this, these salamanders can occupy a vast 

variety of habitats such as streams, forests, and caves. Consequently, it’s essential we understand their 

intricate life cycles for a deeper understanding of plethodontid salamanders. 

As a result of anthropogenic influences, climate change has emerged, leading to changes in 

species ranges and ecological conditions (Velo-Antón et al. 2013). However, not all organisms are facing 

the same risks of climate change (Devictor et al. 2012). Currently, 41% of amphibians are considered 

Threatened and approximately 57% of salamanders are listed by the IUCN as: Vulnerable, Endangered, 

Critically Endangered (IUCN, 2022). Salamanders are experiencing range shifts, disease outbreaks, 

reduction of water in breeding sites, an increased threat of desiccation, resulting in declines (Wake 

1991; Kiesecker et al. 2001; Stuart et al. 2004; Parra-Olea et al. 2005). Due to variety of factors causing 

the declines, we need to understand life history traits and species demographics to properly manage 

them. 

A plethodontid salamanders’ cycle can exhibit one of three different life strategies: direct 

development, biphasic life cycles (metamorphosis), and paedomorphosis (larval-form) (Beachy et al. 
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2017). Direct development is the process in which a salamander forgoes the aquatic stage, and their 

eggs develop directly on land. As a result, the hatchlings are a miniature version of adults (Marks and 

Collazo 1998). Through this process, the salamander will experience gradual growth without major 

morphological changes. Direct development is the most common reproductive mode in plethodontid 

salamanders (Wake and Hanken 1996; Beachy et al. 2017). In a biphasic life cycle, salamanders begin 

lives in the aquatic larval stage, and then transition into a terrestrial or semi-terrestrial salamander 

through metamorphosis (Beachy et al. 2017, Bonett et al. 2022). When a salamander undergoes 

metamorphosis, they experience significant morphological and physiological changes such as limb 

development and gill resorption. Lastly, paedomorphosis is described as the process of which a 

salamander forgoes metamorphosis and retains its larval traits as an adult (Johnson and Voss 2013; 

Beachy et al. 2017). However, no work has examined how differences in early life cycles (a larval period 

vs. direct development) can affect growth and timing of major milestones, such as metamorphosis for 

maturation. It is possible plethodontids with different life histories will respond differently to climate 

change. Given the conflicting results of prior studies, the focus of my study was on body size and early 

growth. By investigating these factors, I aimed to further understand how early growth and 

environmental conditions impact a salamander’s life history and population dynamics. By studying these 

relationships, we can gain valuable insights into how growth can directly impact key life history traits 

such as size at maturity and ecological processes. Understanding these relationships can provide 

information for conservation efforts and ecological understandings. 
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Chapter I: Interacting effects of temperature and food on the early growth of 

Plethodon cinereus 
 

 
Abstract 

 
For ectotherms, temperature and food availability can lead to plasticity in growth and affect 

population demography. However, in salamanders, the outcome of this interaction is not clear, hindering 

knowledge of how species demography will respond to future climate conditions. In this study, I 

investigated the growth patterns of young-of-the-year and juvenile Plethodon cinereus in response to 

different temperatures (low and high) and food availability. The objective of the study is to understand 

how environmental conditions influence the growth trajectories of P. cinereus. To investigate the 

relationship between body size and environmental conditions, I compared body growth over time under 

a factorial design, and the data were analyzed using a generalized additive mixed model. By utilizing this 

method, I was able to examine the impact of two temperature regimes (high and low) and two food 

regimes (high and low) on both length (snout-vent length) and mass of the salamanders. The results of 

the study revealed diet had the largest influence on patterns for both measures of growth. However, 

length and mass both increased in warmer temperatures. In cooler temperatures, salamander lengths 

did not change, and mass decreased, especially in the low food treatment. My hypothesis was not 

supported, as salamanders in the high-temperature treatments outgrew those in the low-treatments. 

The results suggest that the body size of a directly developing salamander is not limited by temperature. 
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Introduction 
 

An organism’s life history describes its patterns of growth, development, and reproduction 

(Morrison and Hero 2003). Life history traits are essential to the fundamental understanding of 

populations and determine how populations respond to environmental changes over time. Specifically, 

fluctuations in climate can alter life history parameters (growth rate and age at sexual maturity) and alter 

population demography (Roff 1992; Stearns 1992). This is especially true for ectothermic organisms like 

amphibians, as both temperature and precipitation alter their life history traits (Trochet et al. 2014). 

Additionally, the consequences of climate change may also induce changes to body due to changes in 

food availability (Connette et al. 2015). Both temperature and food availability can lead to variability in 

growth and lead to differences in age and size at maturity (Rawson and Hilbish 1991, Sorci et al. 1996; 

Morrison and Hero 2003). Despite the importance of life-history traits to species persistence, knowledge 

gaps still exist due to missing data, hindering predictions on how species demography will respond to 

future climate conditions. 
 

As ectotherms, amphibians rely on external sources for the regulation of their body 
 

temperatures (Huey and Stevenson 1979; Pough 1980; Huey, 1982; Duellman and Trueb 1994). 

Consequently, the body temperatures of these organisms fluctuate within the thermal range of their 

environment (Buckley et al. 2012). Often described as thermal conformers, amphibians such as 

salamanders are unable to regulate their body temperature (Feder 1983; Farallo et al. 2018). Instead, 

they adapt their behavior by occupying micro-environments with favorable temperatures and 

conditions. The body temperature of these ectothermic organisms ultimately impacts their fitness and 

performance (Huey and Stevenson 1979; Huey and Kingsolver 1989). Nevertheless, both low and high 

temperatures can significantly impact the organism's behavioral and physiological function by reducing 

foraging activities and modifying metabolism (Huey and Kingsolver 1989; Angilletta et al. 2004). As a 

result, ectothermic organisms have variability in growth, which allows them to adapt to varying 
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environmental conditions (Angilletta et al. 2003; Kingsolver et al. 2004; Walters and Hassall 2006). 

Variability in growth in different temperatures has been suggested to explain the phenomenon known as 

the Temperature-Size Rule (TSR) for ectothermic organisms (Atkinson 1994; Atkinson et al. 1997; Forster 

et al. 2012). The TSR describes the pattern that in cool climates, organisms are larger, while individuals 

in warm climates are smaller (Angilletta et al. 2004; Blackburn et al. 1999). 
 

The TSR has been documented within and between a range of vertebrate taxa, but evidence of 

TSR within amphibians has so far been mixed, warranting further research. Salamanders in particular 

have shown an intricate relationship between body size and temperature. In a study conducted by 

Adams and Church (2008), only three out of 40 species of Plethodon salamanders exhibited a negative 

correlation between body size and temperature. Additionally, seven out of 40 species exhibited a 

positive relation between body size and temperature, the inverse of the TSR (Adams and Church 2008). 

In their study, Adams and Church (2008) highlight the complicated relationship between body size and 

temperature, displaying three different outcomes between species size and temperature. In a separate 

study, Caruso et al (2014) reported that in the last 5 decades, six species of Plethodon displayed a 

reduction in body size with warming climates, indicating a plastic response to climate). The results of 

these studies highlight the need for additional research addressing the complex relationship between 

temperature and size, and the ecological and physiological mechanisms that may be impacting 

salamander growth. As the climate continues to change, salamanders are experiencing longer durations 

of dry conditions in addition to elevated temperatures (Liles et al. 2017). These factors can negatively 

impact a salamander’s ability to forage, leading to a reduction in foraging times, and potentially 

increased metabolic rate and energy expenditure (Jaeger 1972). An increase in metabolic rate, energy 

expenditure, and temperatures may exacerbate the impact on salamanders, further negatively 

impacting their ability to adapt to environmental changes. 
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Studies of amphibian populations that span an elevational gradient, such as plethodontid 

salamanders in the Appalachian Mountains have demonstrated that elevation is correlated with shifts in 

growth, development, and reproduction (Morrison and Hero 2003). For example, amphibians at higher 

altitudes are undergoing extended larval periods and are taking longer to reach minimum size for sexual 

maturity (Morrison and Hero 2003). These shifts are likely driven by the higher temperatures the 

salamanders are experiencing at lower elevations compared to higher temperatures (Liles et al. 2017). In 

a study examining the demographic consequences of climate variation for Plethodon montanus, Caruso 

and Rissler (2019) reported that precipitation had a positive effect on growth and survival rates during 

the active season. Predicting how changes in climate will affect salamander demography therefore 
 

depends on how changes in temperature and precipitation will affect salamander foraging and metabolic 

demands, and their subsequent effects on salamander growth. In particular, early growth of salamanders 

before maturation can influence size at maturation and maximum body size, which in turn are likely to 

affect reproductive output in female, so understanding how these factors effect early growth can inform 

how population demography and growth rate will change under future conditions (Semlitsch et al. 

1988). 
 
 

To investigate the contributions of temperature and resource availability on early growth, I used 

controlled lab experiments to test the mechanisms that have been suggested to drive the TSR within P. 

cinereus, the eastern red-backed salamander, which has been studied intensely throughout the eastern 

United States (Leclair et al. 2006). This allowed me to determine how environmental conditions at early 

life stages interact to influence the growth of P. cinereus. Based on evidence for the TSR from other 

ectotherms, I hypothesized that at higher levels of food availability, salamanders reared at lower 

temperatures will grow larger than salamanders reared at higher temperatures. To understand this 

interaction, I grew young-of-the-year and juvenile individuals, in a fully factorial experimental design, in 

which two thermal treatments were crossed with two levels of food availability. 
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Study Species 

 
Plethodon cinereus is a widely distributed salamander ranging from Canada to the southeastern 

United States (North Carolina/Tennessee) (Nagel 1977; Petranka 1998). This species of salamander is a 

fully terrestrial woodland salamander in the plethodontid family (Figure 1). Due to its lack of lungs, P. 

cinereus relies on cutaneous respiration for gas exchange (Feder 1983). Consequently, P. cinereus must 

remain moist to avoid desiccation due to their permeable skin (Feder 1983). Development occurs 

terrestrially via direct development, bypassing the aquatic larval stage (Bergeron et al. 2010). P. cinereus 
 

reaches sexual maturity after approximately two years (Bausmann and Whitaker 1987). 
 

Methods 

Yong-of-the-year and juvenile P. were collected from Minie Ball Hill (Salt Pond Mountain; 1128 

m elevation; 37.40501, -80.50979) in Giles County, Virginia. A total of 9 nighttime visual encounter 

surveys were conducted between June and early October in 2021 (Sayler 1966). Captured salamanders 

were measured and placed in plastic bags with leaf litter for transport back to the Virginia Tech campus 

in Blacksburg, VA in coolers. To ensure that the salamanders collected were not adults, only 

salamanders under 29-mm total length were selected for this experiment (Sayler 1966; Petranka 1998). 

Upon arrival, each salamander was assigned an individual ID, measured (snout-vent length (SVL) 

(Posterior vent), total length (TL), and mass), and housed by itself in a plastic container (Dart CH48DEF 

47 oz Tamper-Resistant Clear Hinged Container). To maintain a moist environment, the plastic 

containers were filled with moist paper towels. 

After an acclimation period (four months), the salamanders were placed in one of two food 

treatments, and two temperature regimes, which were crossed in a factorial design for a total of four 

treatments (Figure 2). Animals were randomly assigned to each treatment in September and October 

2021 until I had approximately 30 in each treatment for a total 122 animals (Figure 2). 
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All containers were placed in one of two growth chambers (Conviron Growth Chamber - Model 

ATC60), which were maintained at each of the experimental temperature regimes. Salamanders were 

monitored daily at the start, after two months into the experiment, their health was monitored every 

three days. Containers were cleaned once a week and individuals were fed one of two diets (according 

to their food treatment) per week on the same day. The salamanders were fed using a wingless strain of 

Drosophila melanogaster obtained initially from Josh’s Frogs (online mail order business – Owosso, 

Michigan) and maintained in the lab where new cultures were made biweekly. The salamanders in the 

high-food treatment received a total of 30 fruit flies, while the salamanders in the low-food treatment 

received 20 fruit flies per week from the recommendation from K. Hamed and J. Uyeda, Virginia Tech. 

 

The growth chambers were equipped with built-in thermostats, as well as two backup 

thermometers (Temp Stick Model TEMP-STICK-TH-W-FBA, and ThermoPro TP50). The lighting was 

initially set to a 12-12 day-night cycle. Throughout the experiment, the high-temperature treatment 

temperatures were set up four degrees above ambient (e.g., 10°C vs. 14°C) (ambient air temperature 

was determined by the temperatures of the month in which the experiment began, which was 

consistent with published temperatures in similar experiments (Beachy 2018). The treatment groups 

were Group 1: Temperature at 10°C with low food (20 Wingless Drosophila per week), Group 2: 

Temperature at 10°C with high food (20 Wingless Drosophila per week), Group 3: Temperature at 14°C 

with low food (20 Wingless Drosophila per week), Group 4: Temperature at 14°C with 30 Wingless 

Drosophila per week) 

 
I monitored the growth of individual salamanders from October 2021 to October 2022, taking 

measurements of mass (g), SVL (mm), and TL (mm) every month. To measure SVL and TL, I used an 

electric digital caliper (NEIKO 01407: Measurement Accuracy 0.001’’/0.02 mm) and a Ziploc bag. Once 

inside the bag, the salamanders were pressed against the edge and measured in a straightened position. 
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For mass, using an analytical balance (U.S. Solid Model: USS-DBS15-1: Accuracy 0.001 g/1 mg) 

salamanders were weighed using a weight boat. 

 

Seasonal variation in experimental conditions 
 
 

The length of the light cycle and temperature over the 12-month experiment was manipulated 

to mimic seasonal variation in day length and thermal conditions. At the beginning of the experiment, 

the growth chambers were set to 10°C and 14°C with the lighting set to a 12:12 hour light cycle 

Temperatures were decreased incrementally to represent the onset of winter. After an acclimation 

period to ambient temperatures, on 8 October 2021, the growth chamber temperatures were lowered 

to 9°C (Low-Temperature Treatment (LT)) and 13°C (High-Temperature Treatment (HT)). On 9 November 

2021, the temperatures decreased to 8°C (LT) and 12°C (HT) with lighting was set to 9:15 hour lighting 

cycle, then on 8 December 2021, I lowered the temperatures to 7°C (LT) and 11°C (HT). Between 26 May 

2022 and 4 June 2022, the chambers were incrementally increased to represent the onset of summer. 

The low-temperature treatment was raised from 7°C to 11°C while the high-temperature treatment was 

increased from 11°C to 15°C. Between 20 March 2022 and 26 March 2022, the lighting cycle was set to a 

12:12 hour lighting cycle. On 3 October 2022, the experiment was concluded. All the salamanders were 

euthanized humanely in a buffered bath of MS-222. All husbandry and experimental procedures were 

conducted in accordance with IACUC protocol 20-094. 

 

All data were entered into Excel and checked for quality control. They were analyzed in program 

R version 4.2.2 (R Core Team 2023). To determine how environmental conditions at early life stages 

influence the growth of P. cinereus, body growth over time in each treatment was compared using a 

generalized additive mixed model (GAMM). The random effect being individual identity (repeated 

samples), while our fixed effects encompass food and temperature. Differences in body size (SVL) (mm) 
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and mass (g) at the end of the experiment were analyzed using an ANOVA. To determine significant 

differences between the group means, a Tukey post-hoc test was used. 

Results 
 

Preliminary inspection of the data revealed nonlinear trends in SVL and mass over the 

experiment (Supplemental Figure 1). Variation in the data on SVL and TL suggested that measurement 

error from the caliper for some months was greater than incremental growth (Supplemental Figure 1). 

Therefore, only SVL measurements in October 2021, March 2022, and October 2022 were considered. 

By using the GAMM, I was able to analyze the smoothed relationship between P. cinereus growth 

(response variable) and temperature and food (explanatory variables) (Figure 3) (Table 3). Differences 

among treatments in body size after 12 months in each treatment were analyzed using an ANOVA, 

which revealed a significant interaction between temperature and food on body size (F1,58 = 5.606, p = 

0.021) (Table 1). A Tukey post-hoc test suggested that the differences in SVL due to food levels were 

most significant at low temperatures (diff = -3.164, p adj = 0.013) (Table 2). 

 

Figure 4 shows the smooth trends in mass (in g) from the GAMM analysis over the duration of 

the experiment. All mass measurements were included. This GAMM model also supported an 

interacting effect of temperature and food on body mass (in grams) over the course of the experiment 

(Table 3). Individuals at high temperatures experienced increases in mass throughout the experiment at 

both food levels, but the effect was much greater for the high food treatment. Individuals in the low 

temperature treatment stayed the same or decreased in mass over the study, especially in the low food 

treatment. 
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Discussion 

 
The study investigated the influence of temperature and resource availability on the early 

growth P. cinereus. I intended to better understand how environmental conditions during early life 

stages impact growth patterns and body size. By better understanding the factors that influence growth 

for a plethodontid salamander such as P. cinereus we can gain a better understanding of their 

population dynamics and ecological interactions. Early growth for salamanders is crucial for size at 

maturation and maximum body size and can significantly shape the fitness and survival of an organism 

(Semlitsch et al. 1988). To understand this interaction, young-of-the-year and juvenile individuals were 

exposed to a fully factorial experimental design, in which two thermal treatments were crossed with two 

levels of food availability. Based on evidence from other ectotherms that larger animals live in cooler 

climates, I hypothesized, that salamanders reared at lower temperatures will grow larger than 

salamanders reared at higher temperatures, especially at higher levels of food availability. 

 

The results of the study indicated a consistent pattern for growth (length) through the duration 

of the experiment. In the warm temperature treatments, there was gradual increase in both growth 

measures. Conversely, the individuals subjected to the cool temperature treatments experienced a 

decrease in mass, especially at low food levels; length appeared to be constant (Figure 3 and Figure 4). 

The High Temperature: High Food treatment demonstrated the greatest increase in growth for mass, 

while Low Temperature: Low Food treatment demonstrated lowest decrease in mass (figure 4). Under 

all the treatments, not all prey was consumed. No treatment exhibited a significantly higher prey 

consumption. The decline in growth rates in the salamanders exposed to lower temperatures may have 

been caused by decreases in metabolic activity and/or reduced growth rates (Arendt 2011). 



14  

The results of my study did not support my hypothesis, that salamanders reared at lower 

temperatures will grow larger than salamanders reared at higher temperatures, especially at higher 

levels of food availability. Regardless of the food availability, the salamanders in the high temperature 

treatments experienced consistent growth throughout the duration of experiment. Conversely, under 

the low temperature treatments, variations in growth were due to food levels. The data suggest that the 

body size of P. cinereus was not limited by temperature. Salamanders in high temperature treatments 

may have experienced heightened metabolic rates and/or enhanced growth rates (Arendt 2011). 

However, in the field P. cinereus has been documented to have experienced temperatures between 

18°C and 30°C (Homyack 2011). Furthermore, Homyack (2011), reported a 33% greater basic 

maintenance cost, indicating a larger number of calories are needed when exposed to higher 

temperatures. Considering this it’s worth noting that changes in maintenance cost can influence 

ectotherms growth rate and reproductive output (Sears 2005; Homyack 2011). Unfortunately, due to 

the experimental conditions, the lab prevented me from exploring higher ranges of temperatures. 

Therefore, I selected temperatures that matched those used in previous studies (Beachy 1995; Beachy 

2018; Hickerson et. al. (2005)). 

 

This study is the first to examine the effects of temperature and food availability on a direct 

developing plethodontid salamander. Previous similar studies have examined these factors in 

salamanders with different developmental paths: Allegheny Mountain dusky salamander (Desmognathus 

ochrophaeus) (metamorphosis) (Beachy 1995), Four-toed salamander (Hemidactylium scutatum) 

(postembryonic metamorphosis) (O’Laughlin et. al. 2000), Blackbelly salamander (D. quadramaculatus) 

(metamorphosis) (Hickerson et. al. 2005), and Blue Ridge two-lined salamander (Eurycea wilderae) 

(metamorphosis) (Beachy 2018). The relationship between temperature and food was complex for larvae 

when examining the Allegheny Mountain dusky salamanders (Beachy 1995). Food regimes appeared to 

have a greater impact on growth in the high temperature treatment. In contrast to Beachy (1995), the 
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opposite relation between temperature and food was found. In my study, under the low temperature 
 

treatments, variations in growth were due to food levels. The results of a significant interaction between 

food availability and low temperature are consistent with the results reported by Hickerson et. al. (2005). 

As in Beachy (2018), the salamanders that had limited food availability grew at a slower rate compared 

to the salamanders with higher food availability. By examining P. cinereus, the study contributed to our 

understanding of the relationship between temperature and food in a direct developing plethodontid 

salamander. When considering the implications of climate change, the results suggest predicting the 

effects on salamander populations will be complex. We will have to consider other various factors such 

as foraging activities, habitat quality/availability, food availability, and phenology to fully understand 

salamander life history parameters and population demography. 
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Chapter I Tables 
 

Table 1. ANOVA reveals a significant interaction between temperature and food on body size. In the 
table, “Df” signifies the degree of freedom, “Sum Sq” represents the sum of squares divided by the 
degrees of freedom, and “Mean Sq” indicates the mean square. 
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Table 2. Tukey multiple comparisons of SVL means. The table provides insight to comparison at among the 
independent variables (Food and Temperature Treatments). The results suggested that differences in SVL 
were due to food levels. This is most evident in the low temperature treatment. In the table, “Treatment 
Comparison” denotes the pairwise comparison between treatments, while “Diff” signifies the difference in 
means between the two treatments, Lwr indicates the lower confidence limit, and Upr represents the upper 
confidence limit between the treatments. Additionally, the P adj represents the p values that have been 
adjusted to account for the multiple comparisons. 
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Table 3. MASS GAMM summary statistics table. This is an analysis of body mass when exposed to two 
temperature treatments and two food treatments. This GAMM revealed that there was an interactive effect 
of temperature and food on body mass (in grams) throughout the duration of the experiment. In the table, 
“Std error” indicates the standard error, “edf” represents the effective degrees of freedom, and “Ref. df” 
represents the reference degree of freedom. 
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Chapter I Figures 
 

Figure 1. Photo of an adult Plethodon cinereus. 



20  

Figure 2. Visual of experimental design. The numbers represent the number of salamanders at the beginning of the 
experiment. 
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Figure 3. Mean SVL (mm) of P. cinereus in two food treatments, crossed with two temperature treatments. 
treatments (High Temperature: High Food, High Temperature: Low Food, Low Temperature: High Food, Low 
Temperature: Low Food). The red line represents the High temperature treatment, while the blue line 
represents the Low Temperature treatment. The left panel represents the High Food treatment, while the right 
panel represents the Low Food treatment. The Y-axis represents SVL (mm), and the X-axis represents the total 
number of months in the experiment. 
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Figure 4. Mean Mass (g) of P. cinereus depicted under the four treatments (High Temperature: High 
Food, High Temperature: Low Food, Low Temperature: High Food, Low Temperature: Low Food). The 
High Temperature treatment is represented by the red line, while the Low Temperature is represented by 
the blue line. The left panel how the High Food treatment and right panel represents the Low Food 
treatment. The Y-axis represents SVL (mm), and the X-axis represents the total number of months in the 
experiment. 
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Supplemental Figures Chapter I 

 
Supplemental Figure 1. Measured variation in SVL for all individuals in all treatments. 
The Y-axis represents SVL (mm), and the X-axis represents the total number of months 
in the experiment. 
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Chapter II: Interacting effects of temperature and food on the early growth of 

Eurycea cirrigera 
 

 
Abstract 

 
An amphibian’s life history includes patterns such as growth, development, and reproduction, which vary 

due to different environmental conditions such as temperature and food availability. At high latitudes 

and altitudes, some amphibians take a longer time to reach a minimum size for sexual maturity and the 

age of first reproduction. This slower life history can have important effects on population ecology, such 

as age structure. This pattern can follow the Temperature-Size Rule, which describes the phenotypically 

plastic response of size at different temperatures. However, resources (food) are another source of 

variation in body size, and it is unclear how it might interact with temperature. To test the interacting 

effects of temperature and food resources on growth, I conducted a controlled experiment. In August of 

2020, I collected a total of 120 southern two-lined salamanders (Eurycea cirrigera), and I exposed the 

salamanders to a factorial design containing two food treatments (1 and 2 black worms per week) 

crossed with two temperature treatments (11°C and 16°C). Once a month, the salamanders were 
 

measured for total length (TL), and mass (g). The data was analyzed using a generalized additive mixed 

model (GAMM). The GAMM revealed that growth patterns over the course of the experiment differed 

according to both food and temperature. When food levels were high enough, my hypothesis was 

supported, as salamanders in the low-temperature treatments outgrew those in the high-treatments. 

However, differences in mass among the treatments disappeared by the end of the experiment. 
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Introduction 
 

Worldwide, organisms are experiencing the negative effects of climate change due to increasing 

temperatures. Climate change is significantly affecting organisms by interrupting physiological and 

ecological processes (Liles et al. 2017). The temperature an organism is exposed to can impact their 

development and growth (van der Have and de Jong 1996; Reading 2007; Sheridan and Bickford 2011; 

Bickford et al. 2011; Liles et al. 2017). For ectotherms such as amphibians, increased temperatures have 

been observed to shorten time to metamorphosis and size at metamorphosis (Werner 1986; Blaustein et 

al. 2010). This trend has been documented in both anurans (frogs) and urodeles (salamanders) (Beachy 

1995; Álvarez and Nicieza 2002; Hickerson et al. 2005; Blaustein et al. 2010). Temperature can lead to 

plasticity in growth, if warmer temperatures accelerate development causing ectotherms to obtain 

smaller body sizes at maturity. In cooler temperatures ectotherms may experience prolonged 

development, allowing them to mature with larger body sizes (Morrison and Hero 2003; Angilletta et al. 

2004). Despite the importance of growth, further research is needed to evaluate the impact of 

temperature on early life, particularly in urodeles. 
 
 

For amphibians such as salamanders, the larval period prior to metamorphosis is a key life stage 

due to its importance to fitness (Beachy 2018). A salamander’s body size can affect their reproductive 

potential and survivability (Semlitsch et al. 1988). The growth rate of larvae is known to affect both size 

and age at metamorphosis and sexual maturity (Smith 1987; Semlitsch 1980; Beachy 2018). The growth 

and development of amphibians are controlled by factors such as food and temperature (extrinsic) and 

body size (intrinsic) (Morrison and Hero 2003). The two biggest factors influencing metamorphic 

conditions (growth rates) are both temperature and food (Alford and Harris 1988; Beachy 2018). In the 

ecological model of metamorphosis, Wilbur and Collins (1973) predicted that larvae experiencing slow 

growth rates should metamorphose quickly as possible and larvae experiencing rapid growth should 
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delay metamorphosis and continue to grow (Wilbur and Collins 1973; Alford and Harris 1988; Bruce 

2005). However, Travis (1984) proposed that early larval experiences set growth rates, and the growth 

rates can change depending on the available resources (Travis 1984; Alford and Harris 1988). In addition 

to the ideas of Wilbur and Collins (1973) and Travis (1984), the plasticity in larval growth rates could be 

attributed to the Temperature-Size Rule (TSR). The TSR describes the patterns to growth rate in response 

to temperature. In cool climates organisms are larger, while individuals in warm climates are smaller 

(Angilletta et al. 2004; Blackburn et al. 1999). 

 

Evidence of the TSR within amphibians has received conflicting support from scientists, meriting 

further investigation. In particular, salamanders have exhibited a complex relationship between body size 

and temperature. When salamander larvae are exposed to low temperatures, development is delayed 

resulting in a longer larval period (Beachy 1995, Hickerson et al. 2005; Beachy 2018). In warmer 
 

temperatures, larval salamanders experience rapid development and shortened larval stages (Berven 

and Gill 1983; Voss 1993). Additionally, food availability and density may be contributing to the 

development of these larval salamanders (Semlitsch et al. 1988, Beachy 2018). However, the relationship 

between temperature and food on larval growth is complex and is poorly understood (Beachy 2018). 

Further research is needed to assess the complex relationship between temperature and food on larval 

growth. 

 

To further investigate the contributions of temperature and resource availability on larval 

growth, I conducted lab experiments to test the mechanisms that have been suggested to affect early 

growth and potentially drive the Temperature-Size Rule within Eurycea cirrigera. Based on previous 

research (Wilbur and Collins 1973) (Beachy 2018), I hypothesized that if food availability is abundant, 

salamanders reared at lower temperatures will grow larger and metamorphose later than salamanders 

reared at higher temperatures. If food availability is low, salamanders reared at higher temperatures will 
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grow larger than salamanders reared at lower temperatures. To understand this interaction, I grew larval 

individuals in a fully factorial experimental design, in which two thermal treatments were crossed with 

two levels of food availability. In contrast to the previous chapter, this experiment will investigate these 

factors in an aquatic setting in a metamorphic species which spends its early life breathing through 

external gills. 

Study Species 

 
Eurycea cirrigera, the southern two-lined salamander is a common salamander found within 

southeastern United States (Petranka 1998; Brophy and Pauley 2002; Guy et al. 2004). This species of 

salamander is a stream salamander that metamorphosis into a terrestrial (Jakubanis et al. 2008). Due to 

its lack of lungs, as adults E. cirrigera relies on cutaneous respiration for gas exchange (Feder 1976; 

Ruben and Boucot 1989). Adult E. cirrigera must remain moist to avoid desiccation due to their 

permeable skin (Feder 1983). However, juvenile E. cirrigera are fully aquatic and breathe through 

external gills. Prior reports are that E. cirrigera reached sexual maturity after approximately two years to 

four years (Petranka 1998). 

Methods 

 
Larval E. cirrigera were collected from the Jefferson National Forest (Craig’s Creek; 518 

melevation; 37.33184, -80.33834) in Montgomery County, Virginia. A total of four nighttime visual 

encounter surveys were conducted between late June and early August of 2020. Captured salamanders 

were placed in buckets with air stones (RESUN: DC-160 DC AIR PUMP), then transferred back to the 

Virginia Tech campus in Blacksburg, VA. Upon arrival, each salamander was assigned an individual ID, 

measured (total length (TL) (Tip of salamander snout to the end of the tail), and mass), and housed by 

itself in a plastic container (Dart CH48DEF 47 oz Tamper-Resistant Clear Hinged Container) filled with 
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water purified through reverse osmosis. After an acclimation period in the chambers (4 months), the 

salamanders were placed in one of two food treatments randomly, and two temperature regimes 

randomly, which were crossed in a factorial design for a total of four treatments (Figure 8). Animals 

were added to each treatment in late June and early July 2020 until we had approximately 40 in each 

treatment for a total of 159 animals (Figure 8). 

In the experiment, two growth chambers (Conviron Growth Chamber - Model ATC60) were used 

to maintain the temperatures regimes. At the start of the experiment, salamander health and water 

quality were monitored daily, and eventually every three days for health. The containers were cleaned 

(water changes) every three days, and eventually once a week. Salamanders were fed one of two diets 

(according to their food treatment) per week. The feeding and cleaning of the salamanders were 

conducted on the same day. The salamanders were fed using Lumbriculus variegatus (California Black 

Worms) obtained from Eastern Aquatics (Lancaster, Pennsylvania) and maintained in the lab through the 

duration of the experiment. The salamanders in the high-food treatment received one black worm per 

week, while the salamanders in the low-food treatment received two black worms per week. 

The growth chambers contained built-in thermostats, and two backup thermometers (Temp Stick 

Model TEMP-STICK-TH-W-FBA, and ThermoPro TP50). At the beginning of the experiment, the lighting 

was set to a 12-12 day-night cycle. Through the duration of the experiment, the high-temperature 

treatment remained four degrees above ambient temperatures (e.g., 11°C vs. 15°C). The temperatures of 

the month in which the experiment began determined the ambient temperature, which was consistent 

with published temperatures in similar experiments (Beachy 2018). The treatment groups were Group 1: 

Temperature at 11°C with low food (1 black worm per week), Group 2: Temperature at 11°C with high 

food (2 black worm per week), Group 3: Temperature at 15°C with low food (one black worm per week), 

Group 4: Temperature at 15°C with high food (two black worms per week). I monitored the growth of 

individual salamanders from December 2020 to December 2022, taking measurements of mass (g) and 
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total length (TL) in mm every month (To prevent any harm to the salamanders, I decided to not measure 

snout-vent-length). To measure TL, I used a microscope (Leica M80 – ACHRO 0.5X Lens) and for mass an 

analytical balance (U.S. Solid Model: USS-DBS15-1: Accuracy 0.001 g/1 mg) was used. Salamanders were 

gently straightened using an eraser to measure TL, ensuring no harm was done throughout the 

experiment. 

Seasonal variation in experimental conditions 
 
 

Over the 24-month experiment, the temperature and light cycle were manipulated to mimic 

seasonal variation in day length and thermal conditions. At the beginning of the experiment, the growth 

chambers were set to 11°C and 16°C with the lighting set to a 12:12 hour light cycle. To represent the 

onset of winter, the temperatures in the chambers were gradually reduced. After an acclimation period 

to the ambient temperatures, on 22 January 2021, the growth chamber temperatures were lowered to 

9°C (Low-Temperature Treatment (LT)) and 13°C (High-Temperature Treatment (HT)). On 7 May 2021, 

the growth chamber temperatures were lowered to 7°C (Low-Temperature Treatment (LT)) and 11°C 

(High-Temperature Treatment (HT)). On 20 May 2021, the growth chamber temperatures were 

increased to 11°C (Low-Temperature Treatment (LT)) and 15°C (High-Temperature Treatment (HT)). 

Between 1st and 8th of October 2021, the chambers were incrementally lowered to 9°C (LT) and 13°C 

(HT). On 8 November 2021, the temperatures decreased to 8°C (LT) and 12°C (HT) with lighting being set 

to 9:15 hour lighting cycle, then 8 December 2021, I lowered the temperatures to 7°C (LT) and 11°C (HT). 

Between 26 of May and the 4th of June 2022, the chambers were gradually increased to represent the 

onset of summer. The low-temperature treatment was raised from °7C to 11°C while the high- 

temperature treatment was increased from 11°C to 15°C. Between 20th and 26th of Match 2022, the 

lighting cycle was set to a 12:12 hour lighting cycle. In December 2022, the experiment was concluded. 
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All the salamanders were euthanized humanely in a buffered bath of MS-222. All husbandry and 

experimental procedures were conducted in accordance with IACUC protocol 20-094. 

 

For quality control, all the data were entered into MS Excel (Microsoft Corporation, 2023) and 

validated. The data was analyzed in R (Version 4.2.2). To determine how environmental conditions at 

early life stages influence the growth of E. cirrigera, a generalized additive mixed model (GAMM) was 

used to compare body growth over time in each treatment.). The random effect being individual identity 

(repeated samples), while our fixed effects encompass food and temperature Differences in body size 

(TL) and Mass (g) among treatments at the end of the experiment were analyzed using an ANOVA. To 

determine significant differences between the group means, I utilized a Tukey post-hoc test. 

 

Results 
 

After a preliminary inspection of the data, variable, but nonlinear trends in SVL were found 

throughout the duration of the experiment (Supplemental Figure. 2). To account for the non-linearity, a 

generalized additive mixed model (GAMM) was used to describe the trends within each treatment, 

including a random effect of individual. Through the GAMM, I analyzed the smoothed relationship 

between E. cirrigera growth (response variable) and temperature and food (explanatory variables) 

(Figure 9). To detect the differences among treatments in body length over 24 months, I used an ANOVA 

to analyze the data. The ANOVA revealed a non-significant interaction between temperature and food on 

body length (F1,25 = 1.666, p= 0.209) at the end of the experiment. However, the GAMM revealed that 

growth patterns over the course of the experiment differed according to both food and temperature. 

However, similar horseshoe-shaped patterns in both length and mass were observed in all treatments, 

although the maximum sizes reached were greater in cool treatments. In other words, in the cool 

temperature treatments, the salamanders displayed a gradual increase in body size followed by a 

gradual decrease in body size. 
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Figure 10 shows the smoothed trends of mass over the duration of the experiment from the 

GAMM analysis. The interacting effects of temperature and food on body mass at the end of the 

experiment was not significant (F1,106 = 0.037, p= 0.848) (Table 5). However, the timing of growth varied 

between treatments. The individuals exposed to the high temperatures experienced decreases in mass 

(g) ahead of the low temperature individuals. The Individuals in the low temperature treatment 

treatments experienced similar trends in growth, while the high temperature treatments differed in 

growth according to food levels. With high temperatures, the salamanders experienced rapid growth 

followed by a gradual decline in both mass and length, although this trend was weaker with low food. 

At low temperatures and high food, salamanders grew large and then declined in mass; this trend was 

similar but weaker with low food (Figures 9 and 10). 

 

Discussion 

 
The study explored the impact temperature and resource availability had on the early growth of E. 

 

cirrigera in a two-year period. By conducting the experiment, I tested how environmental conditions at 

early life stages influence the body size and growth patterns of larval E. cirrigera. By understanding the 

factors that influence the development and growth of a plethodontid salamander with an aquatic life 

stage such as E. cirrigera, we can gain better insight into their population dynamics and ecological 

interactions. Early growth plays a pivotal role in determining size at metamorphosis and maximum body 

size and it can have a profound influence on the salamander’s overall fitness and likelihood of survival. 

To understand the interaction between body size and early growth, larval E. cirrigera were exposed to a 

fully factorial experimental design, crossing two thermal treatments with two levels of food availability. 

Based on available evidence with other ectotherms in cooler climates, I hypothesized that salamanders 

reared at higher temperatures would metamorphose at a smaller size than salamanders reared at lower 
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temperatures. When there was an abundance of food, my hypothesis was supported, as salamanders in 

the low-temperature treatments exhibited greater growth than those in the high-treatments. 

 

Although it may be an artifact of experimental conditions (such as water quality), the clearest 

effect of the factorial study design was a difference in survival. Larval salamanders in the high 

temperature, high food treatment had much higher mortality than the other three treatments. However, 

at least three salamanders in each treatment survived to the experiment's end (Table 6). Salamanders 

that underwent metamorphosis and survived the entirety of the experiment were classified as survivors. 

The High Food: High Temperature treatment had two salamanders undergo metamorphosis (21 June 

2021 and 15 May 2022). Both Low Food: High Temperature treatment (5 July 2021) and High Food: Low 

Temperature treatment (29 December 2021) had one salamander undergo metamorphosis. 

 

The decline in body sizes for the larval salamanders may have been caused by pre-metamorphic 

shrinkage caused by tail resorption (Yaoita 2019). Although I did not observe metamorphs in high 

enough numbers to relate it to the experimental design, the GAMM shows all the high temperature 
 

treatments experienced a decline in mass well before the cool temperature treatments. This could mean 

that under more natural conditions, salamanders in warmer conditions metamorphose earlier than 

those in cool conditions. 
 
 

When food levels were high enough, the results of the GAMM were consistent with the 

hypothesis that salamanders reared at lower temperatures would grow larger than salamanders reared 

at higher temperatures. However, differences in mass among treatments disappeared by the 

experiment's conclusion. The salamanders in all treatments were similar in length at the end of the 

experiment. Overall, the salamanders exhibited similar trends in growth in their temperature 

treatments, regardless of their food treatment. These results suggest that temperature effects on 

growth are strongest when food is abundant, and that future studies should consider the effects of 
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resource availability as well as thermal conditions when predicting the effects of climate change on 

growth. 

 

This study is one of a few studies that have examined the growth of larval plethodontid 

salamanders in response to temperature and food availability. Previous studies have examined similar 

factors in different species with similar development: Allegheny Mountain dusky salamander 

(Desmognathus ochrophaeus) (metamorphosis) (Beachy 1995), Four-toed salamander (Hemidactylium 

scutatum) (postembryonic metamorphosis) (O’Laughlin et. al. 2000), Blackbelly salamander (D. 
 

quadramaculatus) (metamorphosis) (Hickerson et. al. 2005), and Blue Ridge two-lined salamander 

(Eurycea wilderae) (metamorphosis) (Beachy 2018). In the study examining the growth history of the 

Allegheny Mountain dusky salamander (Beachy 1995), individuals in high temperature treatments 

appeared to be affected more by the food regimes, growing smaller, suggesting an intricate relationship 

between food and temperature. Surprisingly, I found the opposite relationship between food and 

temperature. In my study, high food levels had a greater impact in low temperature treatments, allowing 

the salamanders to grow larger in mass. My results are more similar to those reported by Hickerson et. 

al. (2005), high food treatments had bigger impacts on individual growth of D. quadramaculatus in lower 

temperatures. My results are consistent with observations by Beachy (2018), in that salamanders which 

experienced restricted food grew at a slower rate than those with higher food availability. 

 

By examining E. cirrigera, the study contributed to the understanding of growth when examining 

the relationship between temperature and food availability in a larval plethodontid salamander. When 

considering the ramifications of climate change, forecasting the effects on salamander populations will 

be complicated. Factors such as habitat quality, phenology, and climate will need to be considered to 

understand population demography and life history parameters. 
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Chapter II Tables 

Table 4. ANOVA SVL reveals a non-significant interaction between temperature and food on body 
length. In the table, “Df” signifies the degree of freedom, “Sum Sq” represents the sum of squares 
divided by the degrees of freedom, and “Mean Sq” indicates the mean square. 
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Table 5. ANOVA Mass reveals the interacting effects of temperature and food on body mass at the 
end of the experiment were not significant. In the table, “Df” signifies the degree of freedom, 
“Sum Sq” represents the sum of squares divided by the degrees of freedom, and “Mean Sq” 
indicates the mean square. 

 



39  

 

Table 6. Represent individual survivorship through the course of the experiment. Individual that underwent 
metamorphosis are included in the table. 
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Chapter II Figures 
 

 
Figure 5. Visual of hypothesis. I hypothesized that if food availability is abundant, salamanders reared 
at lower temperatures will grow larger and metamorphose later than salamanders reared at higher 
temperatures. 
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Figure 6. Photo of and adult E. cirrigera 
 



42  

Figure 7. Larval E. cirrigera 
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Figure 8. Visual of experimental design. The numbers represent the number of salamanders at 
the beginning of the experiment. 
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Figure 9. Mean TL (mm) of E. cirrigera in two food treatments, crossed with two temperature treatments 
(High Temperature: High Food, High Temperature: Low Food, Low Temperature: High Food, Low 
Temperature: Low Food). The left panel represents the High Food treatment, while the right panel 
represents the Low Food treatment. In both panels, the red line represents the High Temperature 
treatment, and the blue line represents the Low Temperature treatment. The Y-axis represents SVL (mm), 
and the X-axis represents the total number of months in the experiment. 
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Figure 10. Mass (g) of E. cirrigera in two food treatments, crossed with two temperature treatments 
(High Temperature: High Food, High Temperature: Low Food, Low Temperature: High Food, Low 
Temperature: Low Food). The left panel represents growth when exposed to the High Food treatment, 
while the right panel represents growth when exposed to the Low Food treatment. The blue line 
represents the Low temperature treatment, and the red line represents the high temperature treatment. 
The Y-axis represents SVL (mm), and the X-axis represents the total number of months in the 
experiment. 
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Supplemental Figures Chapter II 

 
Supplemental Figure 2. Measured variation in TL for all individuals in all treatments. The Y-axis 
represents SVL (mm), and the X-axis represents the total number of months in the experiment. 
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Supplemental Figure 3. Represents High Temperature: High Food (HTHF) survival throughout the 
experiment. The Y-axis represents the number of individuals in the Treatment, and the X-axis represents 
the Month. During month 6, salamanders were added to the treatment to increase sample size. 
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Supplemental Figure 4. Represents High Temperature: Low Food (HTLF) survival throughout the 
experiment. The Y-axis represents the number of individuals in the Treatment, and the X-axis represents 
the Month. During month 6, salamanders were added to the treatment to increase sample size. 
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Supplemental Figure 5. Represents Low Temperature: High Food (LTHF) survival throughout the 
experiment. The Y-axis represents the number of individuals in the Treatment, and the X-axis represents 
the Month. During month 6, salamanders were added to the treatment to increase sample size. 

LTHF: Survivorship 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 

1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Month 

In
d

iv
id

u
al

s 
in

 T
re

at
m

en
t 



53  

Supplemental Figure 6. Represents Low Temperature: Low Food (LTLF) survival throughout the 
experiment. The Y-axis represents the number of individuals in the Treatment, and the X-axis represents 
the Month. During month 6, salamanders were added to the treatment to increase sample size. 
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