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 Amphibian decline is a major concern worldwide, and a lack of basic ecological and life 

history information for many species significantly limits our ability to evaluate the degree and 

possible causes of such declines, and to develop effective conservation strategies for threatened 

and endangered species. Not only is there a shortage of adequate long-term datasets necessary 

for robust analyses of population variability, but the elusive nature and obscure microhabitats of 

many species make it difficult to collect even the most basic natural history data. In a series of 

observational and experimental studies, I employed both traditional and novel ecological 

methodologies to examine environmental correlates of temporal population variability, foraging 

ecology and anti-predator behavior in endangered Barton Springs Salamander (Eurycea sosorum) 

from Austin (Travis County), Texas. 

 Though headwater springs are typically thought of as habitats with relatively stable 

environmental conditions, I discovered that E. sosorum population abundance was strongly 

influenced by periodic extremes of rainfall that affect cycles in spring flow rates, water 

temperature, and other physico-chemical variables. I also found that population dynamics in E. 

sosorum are highly consistent with those expected for organisms with a storage effect life-history 

strategy, in which a few long-lived females capable of high fecundity and prolonged survival in 

subterranean habitat during adverse environmental conditions may be sufficient for population 

persistence.  In addition, juveniles may use subterranean habitat as a thermal refuge.  
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 Using stable isotope analyses and macroinvertebrate prey censuses, I determined that at 

the population level, adult E. sosorum exhibits high electivity for planarian flatworms (Dugesia 

sp.). This would not have been detectable using traditional methods of dietary analysis such as 

stomach or fecal content analysis because Dugesia are soft-bodied animals. Additionally, stable 

isotope analyses revealed that adult E. sosorum exhibits inter-individual diet variation and is 

capable of diet switching. 

 Finally, I discovered that anti-predator behavior in E. sosorum is influenced more strongly 

by visual and bioelectric cues from potential predators, but not olfactory cues. This is the first 

known demonstration of anti-predatory response mediated only by bioelectric stimuli in an 

amphibian, and one of very few to observe this phenomenon among aquatic vertebrates.  
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Chapter 1 

Introduction & Summary 

 

 The driving motivation of this dissertation is to better understand factors that lead to 

species declines. Amphibians are of particular conservation concern, as their current rates of 

decline and extinction are substantially higher than those of other taxa (Stuart et al. 2004). One 

of the key questions in the study of amphibian declines is why some populations or species seem 

relatively healthy, while others are not. Decades of research have generated a long list of 

possible causes including habitat loss and fragmentation, predator and pathogen introductions, 

environmental contaminants, UV radiation and global climate change (Blaustein et al. 1994, 

Beebee & Griffiths 2005, Collins 2010). Why has it been so difficult, then, to attribute strong 

causality to many of these factors? Certainly, part of the reason is that most amphibian declines 

are the result of multiple interacting factors (Stuart et al. 2004). Some of these, such as habitat 

loss, have very direct and obvious effects on amphibian populations. The effects of other factors, 

such as climate change, are difficult to evaluate without some knowledge of historical or natural 

climate variability (Anchukaitis & Evans 2010). While correlational analyses can often identify 

important factors in need of further exploration, lack of long-term and natural history data often 

significantly limits our ability to evaluate the degree and possible causes of amphibian declines 

and to develop effective conservation strategies for threatened and endangered species. For 

example, many monitoring datasets of amphibian populations are too short (e.g. less than 30-50 

observations; Box et al 1994, Royama 1992) or make observations too infrequently (i.e. yearly) 

for robust analysis of population trends (Green 2003, Salvidio 2009). Furthermore, without 

knowledge of the biology and natural history of the species under study, such correlational 

studies can result in misleading conclusions as to the mechanisms for declines or whether low 

population sizes are actually abnormal for certain species (Taylor et al. 2006). Even in 

extensively-studied species, such as the Golden Toad (Bufo periglenes) and many of the poison 

frogs (Atelopus sp.), it has been difficult to establish clear mechanisms of decline and extinction 

(Anchukaitis & Evans 2010, Rohr & Raffel 2010).  

 Amphibian declines might not be so enigmatic if we gather the right type of data. 

Correlational analyses from long-term datasets are not enough on their own, but should be 

combined with studies that collect detailed life-history information as well as experimental and 
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observational studies of ecological interactions. Such a multi-faceted approach is rare, likely 

because it is labor intensive and requires long-term data with high temporal resolution. For 

many amphibian species, it can also be difficult to directly observe ecological interactions in 

natural settings, especially if they live in relative obscurity such as in subterranean habitat, 

permanently underwater, or hidden underneath substrates. In addition, some traditional 

techniques of studying ecological interactions are simply not appropriate for use on rare or 

potentially declining species. Gut contents analysis, for example, is often a lethal sampling 

technique for studying diet; even gastric lavage is difficult to conduct non-lethally in animals with 

small body size, which includes most amphibians. 

 In this dissertation, I approach the study of amphibian ecology using a local endangered 

species – the Barton Springs Salamander (Eurycea sosorum; Chippindale et al. 1993, US Fish & 

Wildlife Service 1997) – for which we do have good long-term abundance data for multiple 

populations and size classes. In the three chapters that follow, I present results of both 

observational and experimental studies that evaluate (1) how E. sosorum populations respond to 

fluctuations in the abiotic environment and (2) how E. sosorum interacts with the biological 

community in Barton Springs, including how it selects prey and avoids predators.  

 In Chapter 2, I apply time-series multiple regression techniques (Box et al. 1994, 

Berryman & Turchin 2001, Chatfield 2004) to study temporal population variability and life-

history of E. sosorum. The seven year time-series of monthly abundance of three size classes of 

E. sosorum from multiple populations and concurrently available climate, physico-chemical and 

habitat quality data is one of the best long-term datasets known for an amphibian population. 

The use of natural history observations from E. sosorum and related species to interpret these 

analyses allowed me to identify a possible life-history strategy in E. sosorum, with the implication 

that low population size and variable recruitment is not necessarily a result of population 

decline, but may instead be the result of selection in species adapted to variable environments 

(Maiorana 1976, Warner & Chesson 1985, Taylor et al. 2006). This would not have been 

possible with correlational analyses alone. 

 In Chapter 3, I combine a census of available invertebrate prey with carbon and nitrogen 

stable isotope analysis to study temporal and individual variability in the foraging ecology of adult  

E. sosorum. This approach has several advantages over traditional methods of dietary analysis, 

because it allowed me to (1) non-lethally estimate diet in this endangered species, (2) detect diet 
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composition in this secretive species without direct observation and (3) observe a long-term 

rather than “snap-shot” view of diet. Despite the great potential of stable isotope techniques to 

address questions about amphibian ecology, this is one of very few studies to apply these 

methods to amphibian conservation. 

 Finally, by taking a common experimental approach to studying anti-predator behavior in 

E. sosorum in Chapter 4, I was able to compare responses of E. sosorum with those of other 

species, including recently-studied congeners (Hickman et al. 2004, Epp & Gabor 2008, Epp 

2010).  This approach elucidated the mechanisms by which E. sosorum detects and responds to 

predators in the context of its own environment. In addition, it facilitated a comparative 

approach to understanding the extent to which intraspecific variation in anti-predator behavior 

is influenced by current ecological conditions vs. phylogenetic behavioral constraints (Marvin et 

al. 2004). Intraspecific differences in anti-predator behavior observed in this study provide key 

insights into why some amphibian populations and species are relatively healthy while others 

(even close relatives) are not. 
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Chapter 2  

Environmental correlates of population variability and life history traits in 

the endangered Barton Springs Salamander (Eurycea sosorum). 1 

Abstract 

 Despite concern over global amphibian decline, the specific mechanisms underlying many 

population fluctuations and declines are not well-understood. This is likely due to a scarcity of 

long-term time-series datasets for these taxa, making it difficult to conduct appropriate analyses 

that could identify possible causative factors. Many amphibian time-series have too low a 

temporal resolution to observe important intra-annual fluctuations or are too short for 

appropriate application of time-series analysis. In this study, I use time-series multiple regression 

techniques to examine one of the best datasets known for an amphibian population: a seven-

year time-series of monthly abundance of three size classes (juveniles, young adults and adults) 

of the endangered Barton Springs Salamander (Eurycea sosorum) from two populations: Eliza 

Spring(ES) and Parthenia Spring (PS).  

 Though headwater springs are typically described as having relatively stable 

environmental conditions, results indicate that E. sosorum abundance was strongly influenced by 

periodic extremes in rainfall. These extremes affect cycles in spring flow rates, water 

temperature, and other physico-chemical parameters. Seven- to twelve-month lags of monthly 

rainfall variance had the highest explanatory power of E. sosorum abundance for all size classes in 

PS, and for juveniles at both sites; number of rainfall events per month were most important to 

young adult and adult size classes at both sites. Only the juvenile size class at PS showed 

evidence of weak density dependence. 

 Results of this study suggest that E. sosorum employs a “storage effect” type life history 

strategy in which in which a few long-lived females capable of sperm storage, high fecundity and 

prolonged survival in subterranean habitat during adverse surface conditions may be sufficient to 

sustain population sizes observed in this study. In addition, similarly to Eurycea lucifuga, 

oviposition in E. sosorum may be triggered by low flow conditions followed by bouts of high 

rainfall which drives water temperature down, and juveniles may use subterranean habitat as a 

thermal refuge for growth and development. As climate change threatens to increase climatic 

variability in central Texas, analysis of population trends as more data is collected will be crucial 

for determining how E. sosorum responds to such changes in the coming years. Finally, results 

are put into the context of evaluating monitoring and captive breeding protocols, guiding habitat 

restoration for E. sosorum.  

  

                                                
1 Manuscript in preparation for submission by H Gillespie, L Dries and C Parmesan to Conservation Biology.  
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Introduction 

 Amphibian populations are declining worldwide at rates exceeding other taxonomic 

groups (Stuart et al. 2004). These declines have received much global research and conservation 

attention over the past decades (Lannoo 2005), which have largely focused on identifying the 

extent and degree of amphibian population declines in the context of larger biodiversity losses 

(Green 2003, Salvidio 2009, Stuart et al. 2004). While this research has generated a long list of 

possible causes of amphibian declines (Lanoo 2005, Beebee & Griffiths 2005, Collins 2010), we 

still know relatively little about how these complex and interacting factors act at the population 

level (Green 2005, Beebee & Griffiths 2005). There is still a need for more long-term 

demographic research on amphibians to identify (1) the frequency and amplitude of natural 

population fluctuations, (2) whether low population sizes in some species are the result of true 

declines or adaptive life history strategies, and (3) the relative importance of stochastic 

environmental (climate and other physico-chemical variables) and demographic (resources and 

life history) factors in influencing population persistence and variability (Whiteman & Wissinger 

2001, Taylor et al. 2006). These questions have been difficult to address because of the scarcity 

of long-term monitoring datasets for amphibian populations that are required for robust 

analyses (Blaustein et al. 1994, Green 2003, Salvidio 2009) and lack of detailed life history 

information in many rare, endangered or otherwise difficult-to-observe species. In this study, I 

evaluate monitoring data collected by the City of Austin, Texas from two populations of the 

endangered Barton Springs Salamander (Eurycea sosorum; Chippindale, Hillis & Price 1993) that 

inhabits headwater springs of the karst limestone Edwards Aquifer in central Texas. 

 Species with small population size, high temporal variability and/or weak density 

dependence are generally thought to be at greater risk of extinction (Belovsky 1987). Many 

species of amphibian, however, possess adaptive life history strategies that allow populations to 

withstand years of low or no recruitment buffered by long-lived adults that can survive long 

periods of unfavorable environmental conditions (Maiorana 1976, Murphy 1968, Green 2003, 

Taylor et al. 2006). In such species where environmental variability causes juvenile survivorship 

to be much more variable and uncertain than adult survivorship, selection favors long-lived 

adults with high survivorship and fecundity (Warner & Chesson 1985 coined this a storage effect 

life history strategy). Periods of low density, then, may be a natural characteristic of population 

demographics in species with a storage effect life history, and may not necessarily reflect an 
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increased vulnerability of extinction. Factors that impact adult survivorship in such species, 

however, may have very serious consequences for population or species persistence. Thus, 

without some knowledge of life history traits of the species under study, it can be difficult to 

identify characteristics that make populations vulnerable to extinction. For example, Green 

(2003) found that smaller amphibian populations do not necessarily exhibit higher temporal 

variability in abundance than those of larger population size. Green (2003) also found that 

amphibian populations with the most temporal stability are from species that inhabit small 

streams, are non-migratory, and are in the family Plethodontidae (which includes the genus 

Eurycea). Eurycea sosorum fits all three of these categories. Also, E. sosorum is long-lived (captive 

individuals are known to have lived more than 15 years; US Fish & Wildlife Service 1997, City of 

Austin 2002), and can likely make prolonged use of subterranean habitat (Chippindale et al. 

1993). Thus, studying population variability in this species may help clarify relationships between 

ecological and demographic factors thought to affect persistence of amphibian populations.  

 Regression techniques, including time-series analysis, can be very useful tools for 

understanding population fluctuations and identifying possible mechanisms of population 

variability (Royama 1992, Salvidio 2007). Time-series diagnostic tools such as autocorrelation 

functions and partial rate correlation functions can be used to detect population cycles and the 

order of density dependence operating in populations (Royama 1992, Berryman & Turchin 2001, 

Turchin 2003, Salvidio 2009). Time-series multiple regression techniques can identify important 

environmental correlates with population variability (Chatfield 2004, Cryer & Chan 2008). It is 

only with appropriate datasets, however, that these methods can be used robustly. 

 Unfortunately, many amphibian monitoring studies estimate abundance too infrequently 

(often yearly) or are too short for appropriate time-series analysis (Green 2003, Salvidio 2007). 

Long-term datasets that include information about age or size structure, multiple populations 

and concurrent time-series of environmental variables are also rare (but see Green 2003 and 

Anchukaitis & Evans 2010). With infrequent monitoring, population variability can be 

underestimated because the sampling protocol fails to detect frequent, transient or large 

fluctuations in population size (Blaustein et al. 1994). Use of time-series methods on short 

datasets (i.e. less than approximately 50 serial observations; Box et al. 1994) can result in 

describing spurious correlations or statistical relationships that may not accurately reflect long-

term population trends (Royama 1992, Chatfield 2004). Knowledge of key life history 
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characteristics such as age or size at maturity, lifespan and sex ratio are also essential to 

developing and interpreting hypotheses about factors that influence population variability 

(Whiteman & Wissinger 2001, Taylor et al. 2006).  

Implications for Conservation Management 

 Understanding temporal variability in animal populations is critical to management of 

threatened or endangered species. Many endangered species conservation plans include 

population monitoring programs to assess temporal trends and underlying processes in 

population variability, track progress towards species recovery goals and to make inferences 

about natural history of target species (Campbell et al. 2002). Considerable effort is expended 

by conservation managers to collect population monitoring data, and managers should 

continuously evaluate monitoring protocols to make sure this effort is rewarded with analyzable 

and meaningful datasets.  

 Surprisingly, many monitoring programs for endangered species fail to identify specific 

methods of data analysis prior to initiating monitoring (Campbell et al. 2002). Because these 

programs are often constrained by financial and personnel limitations, it is often beneficial for 

the managing agency to collaborate with local academic institutions for assistance with 

monitoring analysis. This study is the result of such a collaboration, in which I partnered with 

biologists from the City of Austin (Travis Co., Texas) to analyze one of the best monitoring 

datasets known for an amphibian population: a seven year (2004-2010) time-series of monthly 

abundance for three size classes (juveniles, young adults and adults) of the endangered Barton 

Springs Salamander (Eurycea sosorum) from two populations. Despite having been officially listed 

as an endangered species in 1997 (US Fish & Wildlife Service 1997), there is still considerable 

uncertainty regarding some aspects of the life history of this permanently aquatic, spring-

dwelling species and the mechanisms that influence its population dynamics and reproduction in 

the wild. The objectives of this study were to conduct time-series multiple regression modeling 

on E. sosorum monitoring data to: 

(1) Explore possible mechanisms by which changes in climatic, physico-chemical and biotic 

habitat variables might affect E. sosorum habitat at Barton Springs. 

(2) Identify the variables with the greatest explanatory power for E. sosorum population 

variability.  
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(3) Determine the extent of density dependence and synchrony (both within and between) 

populations of E. sosorum. 

(4) Evaluate monitoring protocols and improve adaptive management of E. sosorum, guide future 

habitat restoration practices and make inferences about the life history and ecology of E. 

sosorum.  

Methods 

Study System 

 Central Texas is host to many hundreds of freshwater springs originating from the karst 

limestone Edwards Aquifer (Brune 1980). Many of these springs are host to several species of 

endemic, permanently aquatic salamanders in the genus Eurycea (family Plethodontidae, tribe 

Hemidactyliini; see Hillis et al. 2001 for the most recent taxonomic status of these species). 

Several sources describe constancy in spring discharge, dissolved oxygen and temperature 

(averaging 20-22˚C) of spring habitat as key factors in determining habitat suitability for 

populations of Texas Eurycea (Chippindale et al. 2000, Epp & Gabor 2008, Epp 2010, US Fish & 

Wildlife Service 1996, US Fish & Wildlife Service 2005). While the ancestral state for this group 

of salamanders was a biphasic life history with semi-terrestrial adults and aquatic larvae, the vast 

majority of populations in this group are now obligately neotenic – meaning they reach sexual 

maturity in aquatic habitat while retaining larval characteristics such as gills – and remain in 

aquatic habitat throughout life (Sweet 1977, Chippindale et al. 2000). Only a few populations are 

known to express metamorphosis in the wild (Sweet 1977), and in a few populations individuals 

can be induced to metamorphose by pituitary implantation (Bogart 1967).  

 While a few species of the Texas Eurycea are completely subterranean, the majority are 

considered epigean, meaning they live at the “surface” of the aquifer at the interface between 

subterranean and freshwater spring habitat (Hillis et al. 2001). Epigean Texas Eurycea inhabit the 

sediment-free spaces between gravel, rocks and/or organic (leaf litter, logs and aquatic plants) 

substrate at the bottom of freshwater springs. There is some compelling evidence that these 

epigean species use subterranean habitats during at least some portions of their life history, 

though the full extent of such use is unknown (Chippindale et al. 2000). First, because eggs are 

rarely observed in epigean habitat for the Texas Eurycea – including E. sosorum -- oviposition 

likely occurs in subterranean habitat and is assumed to be an adaptive behavior to avoid egg 
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predation (US Fish & Wildlife Service 1996, US Fish & Wildlife Service 1997, City of Austin 

2002, City of Austin 2003, Bowles et al. 2006, Pierce et al. 2010). Some evidence from a closely 

related species supports this assumption, as oviposition in Eurycea lucifuga is known to occur in 

subterranean karst habitat (Ringia & Lips 2007). Second, several of the epigean Texas Eurycea – 

including E. sosorum – possess some morphological characteristics, such as elongated limbs, 

which are indicative of subterranean habitat use (Chippindale et al. 1993, Chippindale et al. 

2000). Furthermore, some springs naturally and periodically go dry; when these resume flowing 

adult Texas Eurycea reappear, suggesting that they are able to survive in subterranean habitat 

when epigean habitat conditions are poor. 

 Thus, abundance of Texas Eurycea salamanders in epigean habitat does not necessarily 

reflect total population size, but only the proportion of the population that is currently at the 

surface. Additionally, this means that abrupt declines in surface abundance of these species could 

represent either mortality or migration from epigean to subterranean habitat, or both. The 

uncertainty regarding the extent to which epigean Eurycea use subterranean habitat has led some 

researchers to (relatively liberally) propose that the number of salamanders observed in epigean 

habitat is only the “tip of the iceberg” of total population size, and that the vast majority of 

individuals in these populations reside underground. A common assumption that often 

accompanies this hypothesis is that individuals observed in epigean habitat are simply flushed out 

of subterranean habitat when population size becomes too high for them to all fit underground. 

These assumptions have occasionally (if not often) been used to justify collection of specimens 

from the wild for captive-breeding, museum collections and research purposes. I consider this 

an unlikely scenario because subterranean aquifer and cave habitats are almost always resource 

limited (Culver 1982), so are unlikely to be able to support very high densities of epigean 

salamanders, especially for springs in which epigean and subterranean species co-occur. A more 

conservative hypothesis is that the epigean Texas Eurycea might use subterranean habitat as a 

refuge when epigean habitat conditions are poor, as is observed when some springs go dry and 

salamanders reappear when flow resumes. This may not necessarily increase intraspecific and 

interspecific (where subterranean species co-occur) competition in resource-limited 

subterranean habitat, as it is possible that epigean species store energy and/or reduce metabolic 

rates to survive such periods. Both using below-ground habitats as refugia against harsh 

environmental conditions and reducing metabolic rates during such periods are common 
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phenomena observed in many amphibian species with diverse life history strategies (Pearson 

1955, Maiorana 1976, Schmidt et al. 2004, Taylor et al. 2006). 

 The Barton Springs Salamander (Eurycea sosorum) was listed as a state and federally 

endangered species in 1997, and is found at only four hydrologically connected freshwater 

springs in Zilker Park, Austin, Texas which are collectively referred to as the Barton Springs: 

Parthenia Spring (located within Barton Springs Pool), Eliza Spring, Sunken Garden Spring, and 

Upper Barton Spring (US Fish & Wildlife Service 1997; Figure 2.1). Barton Springs Pool, which 

contains Parthenia Spring, is managed by the City of Austin as a public park and swimming pool; 

the other three springs are managed exclusively as salamander habitat and are closed to the 

public (US Fish & Wildlife Service 2005). A subterranean species is also present at the Barton 

Springs – the Austin Blind Salamander (Eurycea waterlooensis; Hillis et al. 2001). While adult E. 

waterlooensis are rarely observed in epigean habitat, juveniles (which have partially functioning 

eyes) are occasionally seen during population surveys for E. sosorum. Major threats to these two 

species include physical habitat modification (three of the four Barton Springs are impounded 

with concrete structures, including dams and culverts) and degradation of water quality and 

quantity in this rapidly urbanizing watershed (US Fish & Wildlife Service 2005, Mahler & Massei 

2007). Population monitoring for E. sosorum was initiated by the City of Austin in the mid-1990s 

(Parthenia in 1993, Sunken Garden and Eliza in 1995 and Upper Barton Spring in 1997; US Fish 

& Wildlife Service 2005). Like many of the other epigean Texas Eurycea, E. sosorum inhabits 

sediment-free spaces between rocky substrate at the bottom of springs, and are occasionally 

found underneath organic substrates (Chippindale et al. 1993).  

 Parthenia Spring (hereafter “Parthenia”; approximately 400 m2 surface habitat area) sits 

within the streambed of Barton Creek, but dams both upstream and downstream of this spring 

have created Barton Springs Pool (hereafter “BSP”). A concrete culvert diverts water from the 

upstream reaches of Barton Creek around BSP to lower Barton Creek (Figure 2.1). As a result, 

this spring currently has more pond-like than stream-like habitat conditions and water depth of 

about 4.5 meters directly above the Parthenia Spring main outlet. Eliza Spring (hereafter “Eliza”; 

75 m2 surface habitat area) is approximately 100 meters northwest of Parthenia, and sits at a 

slightly higher elevation (Figure 2.1). Eliza historically drained into Barton Creek via a shallow 

overland stream, but was impounded circa 1910 when a concrete amphitheater was built around 

its banks. Additional structures, including inserting a concrete pipe to drain Eliza, were added as 



 11   

 

recently as the 1970s. As debris clogged this pipe, Eliza became deep and pond-like, and very 

few salamanders were observed from the mid 1980s to 2002 (Chippindale et al. 1993, US Fish & 

Wildlife Service 2005). In 2003, restoration activities to improve habitat at Eliza – including 

debris and sediment removal, lowering of water level to return swift spring flow – resulted in 

significant increases in salamander population size (City of Austin, unpublished data).  

 Sunken Garden Spring (136 m2 surface habitat area; City of Austin, unpublished data) 

has also experienced significant habitat alteration when stone walls and a mill were built around 

the spring in the 1930s. Restoration is ongoing at Sunken Garden Spring, and poor habitat 

quality before and during restoration activities, combined with severe drought and low spring 

discharge have resulted in extremely low densities of E. sosorum at this site. Upper Barton Spring 

(45 m2 surface habitat area) is located on the banks of Barton Creek, upstream of BSP. This site 

goes dry when total discharge observed at BSP falls below approximately 1.41 m3 per second 

and can remain dry for long periods of time (up to 27 consecutive months from 2004-2011; City 

of Austin, unpublished data). Time-series analysis was not conducted for Sunken Garden Spring 

or Upper Barton Spring populations due to long periods when population abundance of 

salamanders in epigean habitat was near or equal to zero at both sites. An important natural 

history observation, however, is that when these two sites go dry or nearly dry, adult 

salamanders are present when springs start flowing again which is additional evidence that they 

are capable of living in subterranean habitat (City of Austin, unpublished data). 

Reproductive Life History of Eurycea sosorum 

 Observations of reproductive life history, including estimates of growth rates and 

development times for the Texas Eurycea are almost entirely derived from captive-reared 

individuals which are raised at constant temperatures of 21-22˚C (Bogart 1967, City of Austin 

2002, City of Austin 2003, US Fish & Wildlife Service 2005, Najvar et al. 2007). Eurycea sosorum 

is quite long-lived, with some wild-caught individuals living more than 16 years in captivity (US 

Fish & Wildlife Service 1995, City of Austin 2002). Mating does not seem to be seasonal in 

captivity, and it is still unclear whether the neotenic Eurycea mate in epigean or subterranean 

habitat (Bogart 1967, City of Austin 2002, City of Austin 2003). Like many other species of 

salamander, female E. sosorum are able to store sperm and lay 5-55 eggs per clutch (City of 

Austin 2003, L. Ables personal communication reported in US Fish & Wildlife Service 2005). 

Time to hatching from oviposition in captive E. sosorum takes between 16-39 days, and embryos 
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hatch at approximately 12 mm in total length (City of Austin 2002, City of Austin 2003). 

Hatching success and juvenile survival to three months of age in captivity was 4% (12 of 285 eggs 

hatched) in one study of multiple clutches, though success for individual clutches ranges from 0-

100% (City of Austin 2002, City of Austin 2003, US Fish & Wildlife Service 2005). While 

estimates of larval development in E. sosorum are currently scarce, experiments on E. lucifuga 

indicate that it takes 75 to 100 days for larvae of that species to absorb the yolk sac since 

oviposition at water temperatures of 21˚C and 15˚C, respectively (Ringia & Lips 2007). Even the 

smallest E. sosorum juveniles observed in epigean habitat at Barton Springs have already absorbed 

the yolk sac (very rarely are juveniles seen with yolk sacs in the wild; H. Gillespie & L. Dries, 

personal observation). Thus, I assume that even the smallest juvenile E. sosorum are at least that 

old when they are first observed in the wild. Though growth rates of E. sosorum have not been 

systematically studied, preliminary observations suggest that captive juveniles may take two to 

six months to reach the young adult size class of approximately 25.4 cm in total length (City of 

Austin 2002, City of Austin 2003). Sexual maturity in E. sosorum is thought to occur at 

approximately 40-50 mm total length which can take between 11-17 months in captivity (City of 

Austin 2003). 

Data Sources & Collection 

Salamander Abundance 

 Because changes to survey methods introduced in 2004 were designed specifically for 

time-series analysis (adding additional size-class counts and habitat variables), only monitoring 

data from 2004-2010 was used in this study. From this monitoring dataset, I chose a total of six 

time-series of salamander abundance: juvenile (less than 25.4 mm total length), young adult (25.4 

mm – 50.8 mm total length) and adult (> 50.8 mm total length) size classes for both Eliza 

(January 2004-November 2010; N=82 surveys) and Parthenia (January 2004-July 2010; N=78 

surveys) populations of E. sosorum. 

 Surveys of abundance of E. sosorum were conducted monthly at all three perennial 

spring sites: Parthenia, Eliza, and Sunken Garden. Monthly surveys were conducted at Upper 

Barton Spring whenever surface water was present at this site. The time interval between 

surveys was kept as close to 30 days as possible to facilitate time-series analyses of the resulting 

data. When the 30-day interval was not feasible in a particular month, the subsequent survey 

was conducted at a 60-day or 90-day interval. Data from the surveys immediately preceding and 
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following any missing survey (N=15 for Eliza, N=26 for Parthenia) were averaged to interpolate 

a value for those dates. 

 Salamander abundance was estimated using a modification of the drive survey methods 

developed for deer (Rasmussen & Doman 1943, as described in Gilbert & Grieb 1957). All 

surveyors were oriented in a line across adjacent sections of habitat at the downstream limit. 

Surveyors moved upstream in tandem and searched for salamanders by picking up all cover 

objects and placing them downstream, creating a line of coverless habitat of either concrete (in 

Eliza) or bedrock (in Parthenia). Each salamander encountered was chased through the coverless 

area by tapping their tail or moving water behind them. Eurycea sosorum is rarely found in open, 

coverless areas and quickly darts under some object when exposed (L. Dries, personal 

communication). Thus, once chased downstream across the coverless area, salamanders rarely 

move back upstream. This behavior is ideal for the drive survey method and minimizes counting 

the same individual more than once. Any salamanders that moved upstream or cross-stream 

were not counted; any salamanders that returned upstream by re-crossing the coverless area 

were subtracted from the count.  

Abiotic & Biotic Habitat Variables 

 Several physico-chemical and biological characteristics of salamander habitat were 

measured or visually estimated in the field during salamander surveys. Because E. sosorum is 

found predominantly at the substrate under rocks, habitat suitability is influenced by both 

sediment depth and sediment cover. Sediment depth was recorded as an average of five 

measurements to the nearest millimeter within each section where sediment existed on a 

survey date. Several of the characteristics were not used for analysis in this study because of the 

qualitative nature of their measurement. These included visual estimates of percent surface area 

covered by a layer of sediment, aquatic bryophytes (mosses), aquatic macrophytes, leaf litter, 

filamentous and non-filamentous algae (periphyton). Table 2.1 provides a detailed description of 

all data used in this study. 

Climate & Water Quality Variables 

 Daily precipitation data were obtained from the National Climatic Data Center (Web 

Climate Services version 2.1, http://www.ncdc.noaa.gov/oa/climate/stationlocator.html). I used 

data from the Wimberley 1 NW station (coop ID 419815; 30˚00’N, 98˚04’W; Hays Co., Texas) 

for analysis in this study because it is located on the recharge zone (an area of highly porous, 

http://www.ncdc.noaa.gov/oa/climate/stationlocator.html
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fractured and faulted limestone, allowing surface water to infiltrate the aquifer) of the Barton 

Springs Segment of the Edwards Aquifer. Thus, it represents rainfall with the most direct 

hydrologic link to spring flows at the Barton Springs. I used daily precipitation records from this 

station to calculate monthly values for total rainfall (mm), variance of monthly mean 

precipitation and the number of measureable rainfall events per month. 

 Water quality data for Parthenia were obtained from the United States Geological 

Survey (USGS) National Water Information System (site 8155500; 

http://waterdata.usgs.gov/tx/nwis/dv/?referred_module=sw). Daily data for total spring water 

discharge measured at the BSP dam and daily values for water temperature, specific 

conductance, turbidity, and dissolved oxygen measured at the Parthenia Spring outlet were used 

to calculate monthly averages (see Table 2.1 for a detailed description of these variables). Eliza 

discharge and dissolved oxygen were only partial time-series (N=33 and N=56, respectively) in 

this dataset, so I used the full time-series of BSP discharge and Parthenia dissolved oxygen 

(N=83 each) as proxies for Eliza series. BSP and Parthenia measurements were strongly 

correlated with Eliza measurements (discharge: r = 0.88, p < 0.0001, dissolved oxygen: r = 0.80, 

p < 0.001).  

 Relationships between all climatic, abiotic and biotic habitat variables were examined 

using pairwise correlation matrixes and visual inspection of the raw time-series to explore 

possible mechanisms by which these variables may affect salamander abundance.  

Time-series Analysis & Model Selection Criteria 

 In order to remove temporal autocorrelation in E. sosorum time-series, I used the first 

order difference (population abundance or density at time t minus population abundance in time 

t-1) for each size class of salamander as the dependent variable for time-series modeling. 

Hereafter, I will denote differenced time-series (as opposed to raw time-series) using the 

symbol  (e.g. Eliza juvenile() for the first-order difference of Eliza Spring’s juvenile size class). 

The resulting time-series met the assumptions for stationarity and homoscedasticity (Chatfield 

2004). I used autocorrelation functions as both diagnostic tools to validate assumptions about 

data for time-series analysis (Box et al. 1994, Chatfield 2004) as well as to evaluate the extent of 

density dependence in salamander time-series (Royama 1992, Salvidio 2009). In general, time-

series from populations with strong density dependence are expected to be significantly 

autocorrelated within the first few time lags (Royama 1992, Salvidio 2007).  

http://waterdata.usgs.gov/tx/nwis/dv/?referred_module=sw
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 Because the habitat surface area surveyed is always the same for Eliza (75 m2) absolute 

abundance of each size class (not density) was used to calculate the dependent variables for each 

time-series at this site. For Parthenia, the total area surveyed fluctuates from month-to-month 

depending on recent weather events, availability of surveyors and water conditions (range 60 to 

546 m2, mean area surveyed = 256 ± 9 m2). Thus, density (salamander abundance divided by 

area surveyed) was used to calculate the dependent variable instead of absolute abundance.  

 To identify parameters for inclusion in stepwise regression models, I tested zero to 12 

month lags of each explanatory variable time-series (Table 2.1) for significant linear relationships 

with each of the six salamander time-series, using α< 0.10 as a guide for possible inclusion in 

multiple regression model construction. Monthly lags are hereafter denoted in text, tables and 

figures using parentheses following the name of each variable (e.g. total rainfall (8) denotes the 

rainfall series with an eight month lag, or rainfall eight months ago). Pairwise correlation 

matrixes of variables having significant relationships with salamander abundance were used to 

identify variables which should not be used in the same model due to multicollinearity. I used 

manual stepwise regression methods (Box et al. 1994) to build multiple linear regression 

models, starting with variables having the strongest linear relationships with salamander 

abundance (highest R2) that were not correlated with other variables used in the same model (r 

 0.60). Explanatory variables were retained in the model if they significantly improved model fit 

as indicated by an F-test ( to enter = 0.05; Box et al. 1994). All time-series modeling was 

performed using the statistical software program RATS v7.3 (Estima). Descriptive statistics and 

correlations were calculated using the statistical software JMP v8.0 (SAS Institute). 

Population Synchrony & Density Dependence 

 I used Pearson product-moment correlations as a simple descriptor of population 

synchrony (Bjørnstadt et al. 1999, McKechnie et al. 2009) for each size class among sites (i.e. 

juvenile Eliza vs. juvenile Parthenia) and within-site size class pairs (i.e. juvenile Eliza vs. young 

adult Eliza, juvenile Eliza vs. adult Eliza, young adult Eliza vs adult Eliza).  

 To test for the effects of density on population growth, I used two common time-series 

diagnostic methods: autocorrelation functions (ACF) and partial rate autocorrelation functions 

(PRCF) (Royama 1992, Berryman & Turchin 2001, Salvidio 2009). I used ACFs of log-

transformed series of E. sosorum population abundance or density to determine whether 

populations showed evidence of cycles in population growth; a sine-wave pattern in the ACF is 
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indicative of population cyclicity with the period indicated by significant positive autocorrelations 

(Turchin 2003, Salvidio 2009). I used PRCFs of log-transformed per capita rate of change to 

determine whether populations showed evidence of direct or delayed density dependence.  

Significant negative partial rate autocorrelations at lag one indicate evidence of first-order 

density dependence while significant positive autocorrelations are evidence of positive feedbacks 

(Berryman & Turchin 2001). 

Results 

Relationships Between Explanatory Variables 

Climatic & Abiotic Variables 

 In order to better understand the mechanisms that influence variability in salamander 

abundance, I first examined the relationships between all climatic abiotic habitat variables and 

biotic habitat variables listed in Table 2.1. Descriptive statistics for these series are presented in 

Table 2.2, time-series plots for these variables are presented in Figures 2.2 and 2.3. Total rainfall 

appears to have a cumulative effect on BSP discharge. When recessions from peak BSP discharge 

begin, subsequent peaks are generally not observed until rainfall events of approximately 130-

150 mm occur and/or a cumulative total of approximately 800-1200 mm of rainfall is registered 

at the Wimberley 1 NW station (Figure 2.4). This pattern holds during the time period of this 

study (2004-2010), but is also apparent upon inspection of longer time-series of BSP discharge 

and total rainfall from Wimberley 1NW station available since 1986 (not shown). Maclay (1995) 

estimated that between 85-90% of precipitation is lost through evapotranspiration in this 

system, thus, a few large rainfall events and/or cumulative rainfall totals may be more important 

than small frequent rainfall events in this segment of the Edwards Aquifer in driving peak BSP 

discharge. 

 Many rainfall and abiotic habitat variables are significantly correlated at Eliza and 

Parthenia, which are consistent with common hydrogeologic processes in karst aquifers (Figure 

2.5, Tables 2.3 and 2.4; Goldscheider & Drew 2007). All rainfall variables are significantly 

correlated with BSP discharge (r = 0.27 - 0.37; Tables 2.3 and 2.4). BSP discharge is also 

significantly correlated (α=0.05) with Parthenia dissolved oxygen (r = 0.83), Parthenia 

conductivity (r = -0.80) and Parthenia water temperature (r = -0.36). Monthly mean dissolved 

oxygen and water temperature at Parthenia are negatively correlated (r = -0.63). Monthly mean 
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water temperature during the study period was 21.18 ˚C ± 0.07 SE. Six to eight month periods 

of below-average water temperature (as low as 18.5˚C in January 2010) occur as BSP discharge 

approaches peak rates. Peak water temperatures (as high as 22.18˚C in July 2004) occur near 

months of highest BSP discharge in July 2004, July 2007 and July 2010 (Figure 2.4). 

Biotic Habitat Variables 

 None of the biotic habitat variables (filamentous algae cover, non-filamentous algae 

cover, bryophyte cover and leaf litter cover) are significantly correlated with one another at 

Eliza Spring (Table 2.3) but several are at Parthenia (Table 2.4). Algae and bryophyte cover at 

Parthenia are negatively correlated with BSP discharge, Parthenia dissolved oxygen, sediment 

cover and sediment depth and are positively correlated with BSP conductivity (Table 2.4). 

Parthenia leaf litter is positively correlated with total rainfall, the number of rainfall events, 

Parthenia discharge, dissolved oxygen and sediment cover, and was negatively correlated with 

conductivity and temperature. At Eliza Spring, non-filamentous algae cover showed the same 

negative correlations as in Parthenia. Eliza leaf litter showed an opposite pattern from Parthenia, 

showing negative correlations with BSP discharge (Table 2.3). 

Eliza Spring 

 Descriptive statistics for the Eliza E. sosorum abundance time-series are presented in 

Table 2.2 and time-series plots for the differenced E. sosorum series are shown in Figure 2.6. All 

size classes were quite variable in abundance from mid-2005 through early 2008, preceeding the 

highest abundance of Eurycea sosorum individuals ever observed at Eliza Spring in April 2008 

(1,234 total salamanders or approximately 17 individuals/m2; Figure 2.7). Time-series of juvenile 

abundance had the least variance, and peaks of juvenile abundance were observed in May 2004, 

January 2006, February 2007 and April 2008. Juvenile abundance has remained very low since 

January 2009 (average ± SE ≈ 10 ± 2 individuals; Figure 2.7). Young adult abundance peaked near 

the same dates as juveniles, but slightly later (June 2004, April 2006, February 2007 and May/June 

2008). Peaks of adult abundance occurred in November 2005, January 2007, May 2007, October 

2007, April 2008 and January 2010 and were less pronounced than those of other size classes. 

The sustained peak in adult abundance from October 2009 - January 2010 is similar to one 

observed for the young adult size class, but is absent in the juvenile size class.  

Juveniles 
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 Individual linear regressions of Eliza juveniles() on zero to 12 month lags of 

explanatory variables and pairwise correlations between potential modeling variables are 

presented are presented in Appendix A (Tables A.1 and A.2). The best model for Eliza 

juveniles() consists of four terms with highest explanatory power for juvenile() abundance 

and low correlation with each other. Time-series plots for these variables are presented in 

Appendix A (Figure A.1). 

EQUATION 2.1 (R2 = 0.49, F4, 70 = 18.64, P = 0.00001) 

JUVENILE = -11.24 + 0.13 RAINFALL VARIANCE (7) + 0.06 RAINFALL VARIANCE (8) – 0.19 YOUNG ADULT (1) + 0.22 ADULT 

Young Adult 

 Individual linear regressions of Eliza young adult() salamander abundance on zero- to 

12 month lags of explanatory variables and pairwise correlations between potential modeling 

variables are presented in Appendix A (Tables A.3 and A.4). Time-series plots for variables 

contained in the following model are presented in Appendix A (Figure A.2). The best fit model 

for the Eliza young adults() is: 

EQUATION 2.2 (R2 = 0.19, F4, 67 = 5.39, P = 0.0007) 

YOUNG ADULT = -44.99 – 0.16 JUVENILE (4) + 0.18 TOTAL RAINFALL (11) + 0.20 ADULT + 3.83 RAINFALL EVENTS 

Adult 

 Individual linear regressions of Eliza adult() salamander abundance on zero to 12 

month lags of explanatory variables and pairwise correlation between potential modeling 

variables are presented in Appendix A (Table A.5 and A.6). The only variables that had any 

explanatory power for Eliza adults(): zero-, four- and six-month lags on the number of rainfall 

events per month. The best fit model for Eliza adults() includes only lags on rainfall events: 

EQUATION 2.3 (R2 = 0.13, F2, 74 = 6.69, P = 0.002) 

ADULT = 7.72 – 6.49 RAINFALL EVENTS (4) + 4.78 RAINFALL EVENTS (6) 

 Adult is the only size class from Eliza Spring to show statistical relationships to climatic 

variables only, and not any other abiotic or biotic habitat variables. Time-series plots for 

variables included in Equation 2.3 are presented in Appendix A (Figure A.3). 
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Parthenia Spring 

 Salamander density at Parthenia was less variable than Eliza. Juveniles and young adults 

were more abundant than adult salamanders, though densities observed at Parthenia are 

approximately an order of magnitude less than Eliza densities at any given time period. Two 

major peaks in salamander density of all size classes were observed near January 2006 and June 

2008 with a smaller peak in late 2006 and early 2007 (Figure 2.8). Descriptive statistics for all 

salamander time-series are presented in Table 2.2. Young adult was the most variable time-

series, while adult was the least variable. Rainfall variance lags of 10-12 months had the strongest 

relationships with all size classes from Parthenia. 

Juvenile 

 Individual linear regressions of Parthenia juvenile() salamander density on zero to 12 

month lags of explanatory variables and pairwise correlations between potential modeling 

variables for this size class are presented in Appendix A (Tables A.7 and A.8). Total rainfall (lags 

11 and 12) have significant relationships with Parthenia juvenile(), but are also significantly 

correlated with rainfall variance (10 and 11) thus could not be included in the same model. 

Because total rainfall (11 and 12) explains much less variation in Parthenia juvenile() than did 

rainfall variance (10 and 11; Table A.7) the best-fit model includes variance instead of total 

rainfall variables. 

EQUATION 2.4 (R2 = 0.68, F4, 62 = 35.98, P < 0.0000001) 

JUVENILE = -0.004 + 0.0004 RAINFALL VARIANCE (10) - 0.004 RAINFALL VARIANCE (11) + 0.0003 RAINFALL VARIANCE (12) – 

0.51 ADULT (3) 

 An alternative model including only the 10-12 month lags of rainfall variance (omitting 

adult density) still explained 64% of variation in juvenile population abundance (R2 = 0.64, F3, 63 = 

40.77, P<0.000001). Time-series plots of variables contained in Equation 2.4 are presented in 

Appendix A (Table A.4). 

Young Adult 

 Individual linear regressions of Parthenia young adult() salamander density on zero to 

12 month lags of explanatory variables and pairwise correlations between potential modeling 

variables are presented in Appendix A (Tables A.9 and A.10). Two models had nearly equal 

explanatory power for Parthenia young adult(), each with only two terms (Equations 2.5 and 

2.6). Adding any third explanatory variable decreased model fit; adult(4) and juvenile(4) were 
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significantly correlated and therefore were not added to the same model. Time-series plots for 

variables included in Equations 2.5 and 2.6 are presented in Appendix A (Figure A.5). 

EQUATION 2.5 (R2 = 0.37, F2, 66 = 20.62, P <0.000001) 

YOUNG ADULT = 0.02 + 0.0002 RAINFALL VARIANCE (10) - 0.87 ADULT (4) 

EQUATION 2.6 (R2 = 0.36, F2, 66 = 19.92, P <0.0000002) 

YOUNG ADULT = 0.01 + 0.0003 RAINFALL VARIANCE (10) - 0.33 JUVENILE (4) 

Adult 

 Individual linear regressions of the Parthenia adult() series on zero to 12 month lags of 

explanatory variables and pairwise correlations between potential modeling variables are 

presented in Appendix A (Tables A.11 and A.12). Two models had nearly equal explanatory 

power for Parthenia adult(), with rainfall variance(7) and rainfall events (7) having about the 

same explanatory power. Time-series plots for variables in Equations 2.7 and 2.8 are presented 

in Appendix A (Figure A.6). 

EQUATION 2.7 (R2=0.30, F3, 65 = 10.61, P = 0.00001) 

ADULT = 0.001 - 0.1 JUVENILE (3) + 0.00004 RAINFALL VARIANCE (7) + 0.00007 RAINFALL VARIANCE (10) 

EQUATION 2.8 (R2=0.29, F3, 65 = 10.39, P = 0.00001) 

ADULT = -0.01 - 0.1 JUVENILE (3) + 0.002 RAINFALL EVENTS (7) + 0.00006 RAINFALL VARIANCE (10) 

Population Synchrony & Density Dependence 

 Visual inspection of Figures 2.7, 2.8 and 2.9 clearly show that E. sosorum densities at Eliza 

are much more variable through time than Parthenia, in which densities of the three size classes 

are more temporally synchronized. Within each site, juvenile and young adult densities are the 

most synchronized, and have similar correlations (Eliza r = 0.76, p = 0.001; Parthenia r = 0.80, p 

< 0.0001). Figure 2.9 shows E. sosorum densities from Eliza and Parthenia by size class, including 

Pearson correlations between size classes. Eurycea sosorum density at Eliza is approximately one 

order of magnitude greater than density at Parthenia. The size class with the strongest 

synchrony between Eliza and Parthenia was young adult (r =0.68, p < 0.001), followed by 

juveniles (r = 0.61, p < 0.0001), then adults (r = 0.36, p = 0.0009). 

 Autocorrelation functions (ACF) of log-transformed time-series revealed cyclicity in all 

Parthenia size classes with a period of 26-27 months (not shown). Such periodicity was not 
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observed for the Eliza Spring population, for which only the young adult size class showed 

evidence of very weak cyclicity (Turchin 2003). Using Bartlett’s criterion (Box et al. 1994), 

PRCF’s for the length of time-series datasets used in this study are considered significantly 

different from zero if more extreme than  0.22. Partial rate correlation functions (PRCF) of 

log-transformed per capita rate of change showed effects of first order density dependence only 

for the Parthenia juvenile size class (PRCF(1) = -0.59). At Eliza, PRCF at lag one was negative, 

but not significant for juveniles (PRCF(1) = -0.19) and adults (PRCF(1) = -0.17), indicating weak 

density dependence at best for these two size classes. Adults from both populations had 

significant PRCFs at lag six (Parthenia, PRCF(6) = -0.32) and nine (Eliza, PRCF(9) = 0.26). 

According to Royama (1992), such a delayed effect of density on population growth is likely the 

result of spurious correlation rather than a reasonable biological explanation.  

Discussion 

 Even though several sources describe constancy in spring discharge, dissolved oxygen 

and temperature (averaging 20-22˚C) of spring habitat as key factors in determining habitat 

suitability for populations of Texas Eurycea (including E. sosorum; Chippindale et al. 2000, US Fish 

& Wildlife Service 1996, US Fish & Wildlife Service 1997, US Fish & Wildlife Service 2005), this 

study reveals that environmental conditions at Barton Springs are quite variable. Periodic 

extremes in rainfall over the recharge zone of the Barton Springs segment of the Edwards 

Aquifer subsequently affect cycles in spring discharge, water temperature, and other physico-

chemical parameters. Periodic extremes in rainfall also explain the majority of variability in E. 

sosorum population size over time during the course of this study. In particular, seven- to 

twelve-month lags of rainfall variance explain the most variability in E. sosorum population size 

over time for all size classes in Parthenia, and for juveniles at both sites. The number of rainfall 

events were most important to larger (young adult and adult) size classes from both sites. 

Furthermore, evidence of density dependence was weak at best for most size classes of E. 

sosorum (except Parthenia juveniles). Examining these relationships, and previously published 

accounts of reproductive life history in other karst-dwelling species of Eurycea (i.e. Nelson 1993, 

Najvar 2001, Najvar et al. 2007, Ringia & Lips 2007), allows me to make key inferences about 

reproductive life history of E. sosorum.  
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Climate & Abiotic Habitat Variables 

 Though there was a high degree of multicollinearity between climate and habitat 

variables (Tables 2.3 and 2.4), the patterns of cross-correlations seem consistent with basic 

hydrogeological processes operating within karst aquifers (Figure 2.5). Rainfall increases water 

volume and flow velocity inside the aquifer that can in turn affect habitat variables though well-

understood physical and chemical processes (Tomasko et al. 2001, Goldscheider & Drew 2007, 

Musgrove et al. 2010). Increased water volume and flow inside the aquifer, for example, can 

flush out deeper, colder water which can hold more oxygen than warmer water (Birk et al. 

2004). Different ambient temperatures in the season that rainfall occurs could also influence 

spring water temperature if aquifers have fast transmission of rainfall to springs (Martin & Dean 

1999). Drops in water temperature were observed in this study only after winter precipitation 

extremes, whereas peak temperatures were associated with summer rainfall (Figure 2.4). One 

or both of these processes could explain the negative relationship observed between BSP 

discharge and Parthenia water temperature, and in turn the negative relationship between water 

temperature and dissolved oxygen (City of Austin 1997). Increased spring discharge or local 

rainfall can also increase physical disturbance of the water surface, allowing more oxygen to mix 

with water, further evidence in support of the strong positive relationship between BSP 

discharge and dissolved oxygen. Rainfall over the contributing and recharge zones of the aquifer 

increase both sediment input from surface runoff and the erosive power of water inside the 

aquifer (Mahler & Lynch 1999), which could explain the correlations between BSP discharge and 

Parthenia turbidity, sediment cover, sediment depth. Increased volume and flow inside the 

aquifer can both reduce retention time of water inside the aquifer, allowing less time for 

dissolution of ions within the aquifer into spring water and dilute ion concentrations (Birk et al. 

2004, Musgrove et al. 2010), potentially explaining the strong negative correlation between BSP 

discharge and Parthenia conductivity.  

Biotic Habitat Variables 

 There are several possible explanations for why biotic habitat variables had poor 

explanatory power in this study. First, these variables had high variability, likely because these 

data are averages of visual estimates of percent cover of surface area by several observers on a 

survey date, making for poor fit with more precise continuous salamander abundance data. 
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Second, it is unlikely that changes in algae or bryophyte cover directly affect salamander 

abundance because – unlike its congener Eurycea nana (US Fish & Wildlife Service 1996) – E. 

sosorum is rarely observed using vegetation as habitat (City of Austin, unpublished data). 

Bryophyte cover is mostly restricted to the vertical concrete surface around the circumference 

of Eliza Spring and the vertical limestone formations in Parthenia, rather than in the benthos, 

thus it is also unlikely to directly affect salamanders. However, it is certainly possible that 

reductions in algae cover associated with high rainfall and discharge could affect herbivorous 

invertebrate populations (Smith et al. 2003), on which salamanders feed. Indeed, other species 

of salamander depend on food that is available as a function of rainfall and temperature 

(Maiorana 1976), but most of this evidence is from terrestrial species. Unfortunately, this 

hypothesis cannot be tested without more precise quantitative measures of potential prey 

species abundance.  

 A likely mechanism for the negative correlation between algae and bryophyte cover and 

abiotic variables (such as spring discharge, sediment depth and sediment cover) is that rainfall 

and subsequent increases in spring discharge could scour away algae from benthic substrate or 

increase sedimentation (Mahler & Lynch 1999), covering up benthic algae and making it less 

visually apparent to surveyors. Leaf litter cover was always very low (Table 2.2) and did not 

show significant linear relationships with salamander abundance in this study, though very short-

term peaks associated with large rainfall events were evident at Parthenia. Surprisingly, increases 

in leaf litter cover were not observed during seasonal leaf-drop in late fall. In many headwater 

streams, seasonal input of leaf litter and detritus from streamside vegetation is an important 

pulse of carbon that drives seasonal productivity (Vannote et al. 1980, England & Rosemond 

2004), which could be extremely important in driving prey population abundance in Barton 

Springs. In a study of invertebrate population dynamics in several karst springs, Smith et al. 

(2003) found that presence and volume of leaf litter had a substantial impact on the invertebrate 

community. The terrestrial-aquatic link at Eliza Spring and Parthenia has been progressively 

weakened over the last century because of the extent to which riparian vegetation has been 

cleared adjacent to these springs since it became a city park. This likely explains why increased 

leaf litter cover is associated with high rainfall and/or flood events rather than with seasonal leaf-

drop. 
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Population Variability in Eurycea sosorum 

 The variables that had greatest explanatory power for E. sosorum population size in this 

study were seven- to twelve-month lags of rainfall variance and/or total rainfall and four- to 

seven-month lags of the number of rainfall events per month (Equations 2.1-2.8). Lags of rainfall 

variance seem to be the best explanatory variables for all salamander size classes in Parthenia, 

and for juveniles at both sites. The number of rainfall events per month seem to be most 

important to larger (young adult and adult) size classes from both sites. A key question, then, is 

what explains the long time lag between rainfall and changes in salamander abundance? To 

answer this question, one must first consider how climate variables affect physico-chemical 

processes of karst aquifers and then evaluate how those in turn might affect salamander biology. 

As mentioned above, high monthly rainfall totals (130-150 mm) are apparently necessary for 

increases in BSP discharge (Figure 2.4). Interestingly, an estimated 85-95% of rainfall over the 

recharge zone of the Edwards Aquifer is lost to evapotranspiration (Maclay 1995), which may be 

why smaller monthly rainfall totals are not sufficient to cause increases in BSP discharge.  

 Though springs are often thought of as having relatively constant or stable 

environmental conditions, results of this study indicate that relationships between explanatory 

variables and salamander population size are highly influenced by extreme values. Lags on rainfall 

variables, for example, may have the best statistical fit with salamander abundance because both 

time-series are characterized by periods of relatively low values with periodic extreme peaks. 

Spring discharge and temperature time-series, however, feature smoother and more gradual 

fluctuations (Figure 2.3), which could explain why they show weaker statistical relationships with 

E. sosorum abundance than rainfall variables (Figure 2.2).  

 Examination of time-series in this study reveals that monthly mean temperature at 

Parthenia fluctuated between 18.62 ˚C and 22.18 ˚C during the course of this study. Three dips 

well below average annual water temperature occurred in early 2005, 2007 and 2010, lasted for 

6-8 months each, and were associated with increases in spring discharge following periods of 

high winter precipitation (Figure 2.4). Bowles et al. (2006) also documented wide ranges (10.2-

32˚C) in spring water temperatures in Eurycea tonkawae spring habitats to the northwest of 

Austin (Travis County), Texas. Thus, thermostability is not necessarily the case for all springs 

containing neotenic Eurycea which may have important implications for salamander life history. 

To help explain time lags I observed between extreme climatic conditions and salamander 
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variability (particularly recruitment), then, one must examine such variability in the context of 

life history characteristics observed in E. sosorum and closely related species.  

Life History Characteristics of E. sosorum 

 Adult salamanders at both sites showed the least variability through time and the lowest 

abundances of all three size classes, which could be explained by several factors. First, adults 

presumably have lower metabolic rates, are no longer growing and likely possess larger fat 

stores than smaller size classes. They may therefore be less susceptible to selection due to 

environmental variability in epigean habitats if they can survive in subterranean habitat for long 

periods of time. Juveniles, however, presumably still require energy for growth, have lower fat 

stores and likely higher metabolism, suggesting they may have less of a buffer against selection 

resulting from long periods of unfavorable epigean habitat conditions or high intraspecific 

competition. Maiorana (1976) observed a similar pattern in Batrachoceps attenuatus – a 

salamander species that also experiences considerable temporal variability in climatic conditions 

characterized by periodic extremes in precipitation. Maiorana (1976) also found that adult B. 

attenuatus were long-lived, had high fecundity and thus hypothesized (in accordance with 

Murphy’s 1968 theoretical predictions) that these were adaptive life history modifications for 

species in which environmental fluctuations have a greater impact on juvenile survival than adult 

survival. Thus, only a small subset of the long-lived adult population may be all that is necessary 

to account for even the largest peaks in juvenile abundance observed during this study. For 

example, using the above estimates of clutch size (see Study System), the number of adult females 

required to account for the 568 juveniles observed in Eliza Spring in April 2008 (Figure 2.7), 

ranges from approximately 10-114 individuals. This is within the range of the number of E. 

sosorum adults actually observed in Eliza during this study (14-365 individuals).  

 For many species of amphibians, rainfall can be an important trigger for life history 

events such as courtship and oviposition (Maiorana 1976, Telford & Dyson 1990, Milanovich 

2006). A recent study by Ringia & Lips (2007) provides particularly important insight into the 

reproductive biology of karst-associated Eurycea, because they were able to follow adult E. 

lucifuga into subterranean caves and cave streams to observe reproduction and track egg and 

larval development. They observed adult Eurycea lucifuga depositing eggs during periods of 

lowest stream flow (and lowest rainfall) in underground cave pools that were largely free from 

predators and feature much cooler water temperatures than epigean habitat. Hatched larvae 



 26   

 

remained in subterranean habitat for up to six months before emerging into epigean streams 

(Ringia & Lips 2007). The 7-12 month lags observed in this study between extreme rainfall 

events and peaks in juvenile E. sosorum abundance (Figure 2.10) could be evidence that E. 

sosorum has a similar reproductive life history.  

 A second important set of studies document that many amphibian species experience 

high mortality of salamander eggs and juveniles when exposed to temperatures above 

approximately 20 ˚C (Moore 1939, Anderson 1978, Punzo 1983). Ringia & Lips (2007), for 

example, found that colder water temperatures characteristic of subterranean habitats are 

critical to juvenile survival in E. lucifuga. They found that wild-collected eggs incubated at cave 

temperatures (10 ˚C and 15 ˚C) took longer to hatch, hatched at larger mean size and had much 

greater survivorship than those incubated at a epigean temperatures (21˚C). When incubated at 

21˚C, larvae E. lucifuga suffered a staggering 93% mortality, which is similar to mortality rates 

observed in some captive breeding facilities for the Texas Eurycea that hold temperatures 

constant 21-22˚C (City of Austin 2003). Given these observations, the periodic drops in 

Parthenia temperature below the average of 21-22˚C (Figure 2.4), could be a key mechanism in 

explaining the significant relationships (and associated lags) between rainfall variables and juvenile 

E. sosorum population variability. Therefore, examination of a second hypothesis about the 

reproductive life history of E. sosorum – that subterranean habitat serves as a thermal refuge for 

egg and larval development (not just potential refuge from predators) – should become a key 

research priority for the Texas Eurycea.  

 Given this collection of observations, a reasonable hypothesis about reproduction in E. 

sosorum is that mated females could store sperm and wait for the combination of low flow 

conditions, followed by increased frequency and magnitude of precipitation to trigger 

subterranean oviposition (Figure 2.11). This type of pattern has been observed in several other 

salamander species (Maiorana 1976, Schmidt et al. 2004, Taylor et al. 2006) and is highly 

consistent with what Warner & Chesson (1985) called a storage effect, in which long-lived adults 

act as a “storage stage”, reducing population extinction probability by acting as a buffer to 

temporal variability in recruitment success. Such a strategy could explain why E. sosorum 

populations have persisted despite low abundances in the face of both natural climatic variability 

and intense disturbance from anthropogenic activities. 
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Population Synchrony & Density Dependence 

 If juveniles do use cooler sub-surface habitat as both a thermal refuge, they presumably 

emerge to epigean habitat when conditions there are best suited to their survival. Population 

synchrony within and among sites, then, could occur because surface conditions suitable for 

juvenile emergence and survival are also suitable for larger size classes of E. sosorum, increasing 

the potential for strong intraspecific competition. As described in Chapter 3, prey populations 

are significantly reduced after peaks in salamander abundance (see Chapter 3, Figure 3.2). 

Because of their comparatively small energetic reserves in the face of growth and development, 

juvenile and young adult E. sosorum are presumably the size classes most likely to experience 

density dependent selection as a result of such competition. Partial rate correlation functions 

revealed evidence of first-order density dependence only in juveniles from Parthenia and 

evidence of weak (but not significant) density dependence in juveniles from Eliza Spring. Smaller 

peaks in E. sosorum population abundance following large peaks could represent surviving 

juveniles and young adults growing into the next size classes. For example, peaks in Eliza Spring 

young adult and adult abundance in late 2009 could be surviving individuals from the April 2008 

peak in juveniles and young adults (Figure 2.7), which could indicate mortality of 41% and 33% of 

juveniles and young adults, respectively. Individuals could also be retreating to subterranean 

habitat in the face of such competition, but we do not yet know the extent of resource 

availability in that habitat. This evidence is consistent with observations and hypotheses that 

stream-dwelling salamanders experience high early-life mortality (Organ 1961, Beachy 1995), 

and that uncertain juvenile survivorship can drive evolution of increased adult longevity (Murphy 

1968).  

 The fact that there has not been another reproductive event in Eliza Spring since 2008, 

despite peaks in young adult and adult density, is concerning. If hypotheses about E. sosorum 

reproductive life history and juvenile survivorship presented herein (Figure 2.11) are correct, 

one might expect to see an increase in juvenile abundance approximately 7-12 months following 

the combination of extreme rainfall events, increased flow and decreased temperature that 

began in August 2009. During the preparation of this manuscript in February 2011 the 

abundance of juvenile salamanders began increasing in both Parthenia and Eliza, though the time 

lag is longer than expected. It is possible that this increased lag could be influenced by the 

severity of drought conditions since 2008 in central Texas which may be prolonging the most 
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recent period of unfavorable epigean habitat. However, in species with long-lived adults acting as 

a storage stage, variable recruitment success and even recruitment failure is common (Taylor et 

al. 2006), emphasizing the importance of adult survivorship to population persistence. Only 

continued population monitoring will reveal whether these patterns hold over the long-term, 

especially in the face of global climate change that will likely increase climatic variability in central 

Texas (Loáiciga et al. 2000).  

Implications for Conservation Management 

 Results of this study have several important implications for conservation management 

of Eurycea sosorum, and other endangered species. Most notably, because of its monthly 

resolution and concurrent availability of climate and water quality time-series data, this is likely 

one of the best time-series datasets known for an amphibian population (see discussion of the 

relative quality of amphibian monitoring datasets in Green 2003 and Salvidio 2009). Therefore, it 

is highly recommended that the frequency of data collection remain monthly for E. sosorum 

populations and that the monitoring protocol for this species be used as a guide for any future 

population monitoring programs initiated for other species of Texas Eurycea. Less frequent 

assessments of population size (or only a few serial assessments that are closely spaced in time) 

are likely to miss periodic peaks in population size and/or underestimate temporal variability in 

population size. Furthermore this study illustrates the practical utility of simple population 

monitoring counts in revealing important demographic trends in Eurycea sosorum, without the 

added expense of more time-consuming and invasive mark-recapture techniques. Additionally, I 

make the following recommendations for monitoring and research programs on Eurycea sosorum 

and other species of Texas Eurycea, including: 

 (1) Establish a detailed protocol for future analyses of this important time-series dataset. 

Population monitoring plans for endangered species are most likely to be effective when 

designed with particular goals and analytical framework in mind (Johnson et al. 2006, Marsh & 

Trenham 2008). Interestingly, a study by Campbell et al. (2002) found that only 54% of recently 

implemented monitoring plans for endangered species had identified specific methods of 

statistical analysis to be performed on monitoring data. Often this may be because it is difficult 

to predict which climate and habitat variables will ultimately be useful for time-series and 

correlational studies. Though population monitoring protocols at Barton Springs since 2004 

were designed specifically for time-series analysis (L. Dries, personal communication), a specific 
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time-series analytical protocol has yet to be established. While the City of Austin is required to 

analyze some of this data every year for federal permit reports, these analyses are typically 

descriptive statistics, correlations and simple hypothesis tests. This is the first formal time-series 

analysis of this dataset. To insure that the effort and resources expended on collecting 

monitoring data are rewarded by the maximum amount of inference that can be made about the 

ecology of E. sosorum, a more rigorous protocol should be established for future analysis of this 

excellent time-series dataset as more monitoring data is collected. Such a protocol should 

identify how often the data should be analyzed as more data are collected, the specific types of 

time-series multiple regression analytical methods to use, and how each type of data collected 

would fit into that analytical framework.  

 To facilitate future analyses, the data entry process from field surveys could be 

streamlined so that data are entered directly into a readily-analyzable format that is required by 

common statistical programs designed for time-series analysis (general guidelines are described 

in Gotelli & Ellison 2004). In addition to field data collected by City of Austin biologists, it would 

be helpful to maintain the climate and abiotic time-series described in Table 2.1 in the same 

database. It is hoped that by delineating a more streamlined process in the analytical protocol, 

monthly data is entered into only one (rather than multiple) database and that such data is 

directly and easily accessible for analysis of population trends and fluctuations. In addition, water 

quality data that is continuously-collected in Eliza Spring since 2005 by the City of Austin should 

also be kept up-to-date in this database, rather than separately.  

 (2) Establish more precise quantitative monitoring protocol for some habitat variables. Many of 

the habitat variables in the City of Austin’s time-series dataset did not show significant statistical 

relationships with many other variables in this study, including E. sosorum abundance. This may 

be because several of these are visual estimates of percent cover of vegetation type, which are 

often reported by surveyors as rounded values to the nearest 5-10% (H. Gillespie, personal 

observation). Johnson et al. (2006), identified a similar limitation in their recent evaluation of 

long-term time-series monitoring protocols for another endangered species – the Hawaiian 

passerine palila (Loxioides bailleui). They found that relatively simple changes to monitoring 

protocols that included standardized training of surveyors to collect more precise 

measurements of habitat variables that had previously been visually estimated resulted in better 

statistical fit in models of population variability than did rounded or binned measurements 
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(Johnson et al. 2006). Similarly, single monthly observations of physico-chemical variables such as 

dissolved oxygen and flow/discharge on survey dates take considerable effort to collect and fail 

to integrate temporal variability that could help explain fluctuations in salamander populations. 

This study demonstrates the practical utility of USGS water quality measurements from 

Parthenia Spring as proxies for some Eliza Spring variables and more recently established 

automated monitoring data from Eliza Spring could be used to free surveyor time for other 

efforts. It is also recommended that continuous water-quality monitoring devices be installed in 

Sunken Garden and/or Upper Barton Spring if possible. 

 The biggest gap in the monitoring time-series used in this study was a lack of 

quantitative measures of invertebrate (potential prey) abundance. Invertebrate abundance in this 

dataset is mostly restricted to presence-absence estimates of general taxonomic groups. Several 

key invertebrate taxa – such as amphipods – are almost always present (e.g. Eliza had only four 

months in the time-series without amphipods present, Parthenia had two), making analysis of 

just the presence-absence data difficult. Rough visual estimates of amphipod density have been 

added to the monitoring protocol in recent years, but values are quite variable and are also 

reported as rounded values (H. Gillespie, personal observation). In a related study (see Chapter 

3), I used two types of quantitative survey methods (dendy-type artificial substrate and core-

sampling of cobble substrate) to estimate abundance of benthic invertebrates in Eliza Spring. 

One or both of these methods could be used to quantify invertebrate abundance on survey 

dates. Alternatively, density of key invertebrate groups could be more precisely quantified (vs. 

visual estimates) by overlaying grids of known area over benthic substrate during surveys could 

also be easily implemented. Though the addition of quantitative monitoring of key prey species 

to the E. sosorum population monitoring protocol is likely the most time-consuming 

recommendation made herein, these data are absolutely essential to identifying factors that 

make epigean habitat suitable for emergence of E. sosorum to epigean habitat. These data would 

also allow examination of whether invertebrate populations respond in similar ways to variability 

in climatic and abiotic habitat variables as E. sosorum. 

 (3) Initiate research on the effects of temperature on egg and larval growth and survivorship in 

the neotenic Texas Eurycea. These effects have critical implications for captive breeding programs 

for this highly threatened and endangered group of salamanders. Captive breeding facilities for 

these species typically maintain stable water temperatures between 21-22˚C, and have indeed 
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observed high embryonic and larval mortality under these conditions for both E. sosorum and E. 

nana (Najvar 2001, City of Austin 2002, City of Austin 2003). Furthermore, if wild juveniles do 

spend significant time in cooler subterranean habitat, growth rate estimates obtained from 

salamanders raised in warmer captive conditions may be much faster than those of wild animals. 

Fortunately, hypotheses about the effect of temperature on egg and larval growth and 

survivorship can be easily tested in captive breeding programs (these include E. sosorum, E. nana, 

E. rathbuni, E. neotenes from Comal Springs, E. waterlooensis and E. tonkawae) by incubating eggs 

under different thermal regimes to determine optimal temperatures for hatching, survivorship 

and growth. Such experiments are unlikely to harm captive animals because they would lower, 

rather than raise, water temperatures. In fact, Ringia & Lips (2007) observed the highest egg and 

larval survivorship (100%) under their coolest thermal regime of 10˚C. If similar effects of 

temperature are observed for the neotenic Texas Eurycea as for other aquatic-breeding 

salamanders (Moore 1939, Anderson 1978, Punzo1983, Ringia & Lips 2007), techniques such as 

varying water flow rates and temperatures in captivity to mimic natural variability and rearing 

juvenile salamanders at water temperatures characteristic of subterranean habitat (rather than 

epigean habitat) could significantly improve captive breeding success.  

 (4) Consider serious implications of collecting adults from wild populations of Texas Eurycea. 

Demographic patterns observed in this study are consistent with those of a storage effect life 

history strategy (Warner & Chesson 1985, Taylor et al. 2006). For E. sosorum , this means that a 

few long-lived adults that can survive in subterranean habitat and produce large clutches may be 

sufficient to sustain populations by acting as a “storage stage” during prolonged periods of 

unfavorable epigean habitat conditions. In any species with such a life history strategy, adults may 

play a much greater role in population or species persistence than juveniles, as longevity and 

survival of adults limits how long populations can persist without recruitment (Schmidt et al. 

2004). One particularly serious implication of this is that any factors that negatively affect 

survivorship of such long-lived adults could greatly increase extinction probabilities for these 

populations (Taylor et al. 2006). Thus, future collections of adult E. sosorum from wild 

populations for captive breeding or research purposes should be avoided. If harvesting of wild 

animals is deemed necessary to address critical conservation research needs, collections should 

focus instead on juveniles during periods of high density.  
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 Finally, a storage effect life history would indicate E. sosorum may be more resilient to 

environmental variability than was previously understood. Indeed, populations at Sunken Garden 

Spring, Eliza Spring and Upper Barton Spring have re-populated after periods of extremely harsh 

epigean habitat conditions, even after Upper Barton Spring temporarily went dry for 27 months. 

Projections about population persistence, however, are still difficult to make, as any stochastic 

or catastrophic events (i.e. droughts, predator introductions, contaminant spills) that affect adult 

survival could have severe demographic consequences. For example, global climate change 

threatens to increase climatic variability in central Texas (Loáiciga et al. 2000), and groundwater 

pumping across this rapidly urbanizing area will continue to decrease groundwater availability in 

the Edwards Aquifer. Both of these may increase the frequency and duration of unfavorable 

epigean habitat conditions at Barton Springs in the coming years, which could significantly affect 

adult survivorship. Thus, habitat restoration to improve epigean habitat conditions and regional 

measures to preserve water quality and quantity in the Barton Springs segment of the Edwards 

Aquifer are still crucial tasks to ensure long-term persistence of E. sosorum populations.  
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Tables & Figures 
 Variable Unit/Description Source 

E
. 
so

so
ru

m
 

ab
u
n
d
an

ce
 Juvenile salamanders count (Eliza); density/m2 (Parthenia) City of Austin

a
 

Young Adult salamanders count (Eliza); density/m2 (Parthenia) City of Austin
a
 

Adult salamanders count (Eliza); density/m2 (Parthenia) City of Austin
a
 

C
lim

at
e
 Total rainfall total monthly precipitation (mm) from Wimberley 1 NW Station National Climatic Data Center b 

Rainfall variance variance of monthly mean precipitation from Wimberley 1 NW Station from NCDC daily values 

Rainfall events Number of measureable precipitation events per month from NCDC daily values 

A
b
io

ti
c 

BSP total discharge monthly mean; cubic feet/second (measured downstream of Parthenia at BSP dam) USGS Stream Flowc 

Parthenia Dissolved Oxygen monthly mean; milligrams/L USGS Stream Flowc 

Parthenia Conductivity monthly mean; microseimens/cm at 25˚C USGS Stream Flowc 

Parthenia Water Temperature monthly mean; ˚C USGS Stream Flowc 

Parthenia Turbidity 
monthly mean; calculated from unfiltered water, monochrome near infra-red LED light, 780-900 nm, 

detection angle 90˚ ± 2.5˚, formazin nephelometric units (FNU) 
USGS Stream Flowc 

Eliza Dissolved Oxygen partial series of 56 observations; milligrams/L; one measurement per month City of Austina 

Eliza Flow Velocity partial series of 33 observations; mean flow velocity from multiple points within spring; cubic feet/second City of Austina 

Sediment Cover mean of all sections surveyed; visual estimate of % habitat surface area covered by sediment City of Austina 

Sediment Depth mean of all sections surveyed (5 observations per section); millimeters City of Austina 

B
io

ti
c 

 

Filamentous Algae Cover mean of all sections surveyed; visual estimate of % habitat surface area covered by filamentous algae City of Austina 

Non-Filamentous Algae mean of all sections surveyed; visual estimate of % habitat surface area covered by non-filamentous algae City of Austina 

Bryophyte Cover mean of all sections surveyed; visual estimate of % habitat surface area covered by bryophyte City of Austina 

Leaf Litter Cover mean of all sections surveyed; visual estimate of % habitat surface area covered by leaf litter City of Austina 

 

 
Table 2.1 Explanatory variables considered for time-series modeling of E. sosorum population variability.  
a City of Austin Watershed Protection, http://www.ci.austin.tx.us/watershed/  
b National Climatic Data Center (NCDC) http://www.ncdc.noaa.gov/oa/climate/stationlocator.html  
c USGS Stream Flow Data, site 8155500, Barton Spgs. http://waterdata.usgs.gov  
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http://www.ncdc.noaa.gov/oa/climate/stationlocator.html
http://waterdata.usgs.gov/
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Wimberley 1 NW Station 

    Variable N Mean ± SD Range 

   

C
lim

at
e
 Total monthly rainfall (mm) 83 78.22 ± 85.40 1.02 - 473.20 

   
Rainfall variance (mm2)  83 95.72 ± 210.26 0.03 - 1304.85 

   
Rainfall events (# events/month) 83 5.72 ± 3.41 0-18 

    

 

Eliza Spring Parthenia Spring 

 

 

N Mean ± SD Range N Mean ± SD Range 

E
. 
so

so
ru

m
  

p
o
p
u
la

ti
o
n
 s

iz
e
 

Juvenile                           abundance 83 92.00 ± 109.74 0-568 78 22.98 ± 31.86 0-204 

density (#/m2) 83 1.23 ± 1.47 0-7.64 78 0.10 ± 0.14 0-0.88 

Young Adult                    abundance 83 167.00 ± 113.97 0-535 78 32.08 ± 40.17 0-199 

density (#/m2) 83 2.25 ± 1.53 0-7.19 78 0.14 ± 0.18 0-0.86 

Adult                              abundance 83 114.00 ± 76.60 14-365 78 10.19 ± 13.29 0-58 

density (#/m2) 83 1.54 ± 1.03 0-4.91 78 0.04 ± 0.05 0-0.25 

A
b
io

ti
c 

BSP Discharge (cubic feet/second) 

   

78 60.24 ± 31.48 14.93-114.67 

Dissolved Oxygen (mg/L) 

   

78 5.93 ± 0.93 4.25-7.73 

Water Temperature (˚C) 

   

78 21.18 ± 0.67 18.62-22.18 

Turbidity (FNU) 

   

78 1.51 ± 1.03 0.04-5.55 

Conductivity (S/cm @ 25˚C) 

   

78 663.51 ± 27.15 613.06-742.71 

Sediment Cover (%) 83 37.40 ± 22.63 5.00-93.75 78 69.67 ± 15.92 26.25-94.16 

Sediment Depth (mm) 83 17.85 ± 10.99 2.70-47.00 78 42.04 ± 14.42 18.98-110.5 

B
io

ti
c 

Filamentous algae cover (%) 83 19.82 ± 24.91 0.00-97.00 78 29.15 ± 24.83 0.00-85.00 

Non-filamentous algae cover (%) 83 60.99 ± 22.91 0.00-95.00 78 43.46 ± 22.49 0.00-86.70 

Bryophyte cover (%) 83 3.23 ± 2.06 1.00-10.25 78 16.59 ± 10.94 1.00-51.67 

Leaf litter cover (%) 83 1.91 ± 4.78 0.00-42.50 78 6.25 ± 6.97 0.00-31.00 

 

Table 2.2 Summary statistics for time-series datasets of climate, abiotic and biotic habitat variables and Eurycea sosorum population size. Because 

habitat area surveyed at Parthenia Spring was not constant over time, reported E. sosorum abundances at Parthenia Spring include the total number of individuals 

regardless of habitat area surveyed. Refer to methods and Table 2.1 for additional details on how these variables are calculated.
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C
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e
 Rainfall total 1.00           

Rainfall variance 0.19 1.00          

Rainfall bouts 0.22 0.62 1.00         

A
b
io

ti
c 

BSP discharge 0.27 0.29 0.37 1.00        

Parthenia dissolved O2 0.14 0.18 0.34 0.83 1.00       

Eliza sediment cover 0.15 0.14 0.17 0.43 0.45 1.00      

Eliza sediment depth -0.06 -0.14 0.08 0.21 0.02 0.09 1.00     

B
io

ti
c 

Eliza filamentous algae  0.17 -0.03 -0.12 -0.19 -0.24 0.11 -0.37 1.00    

Eliza non-filamentous algae  -0.25 -0.01 -0.20 -0.62 -0.34 -0.32 -0.40 0.20 1.00   

Eliza bryophyte  -0.22 -0.05 0.04 -0.01 0.00 0.10 0.00 0.04 -0.09 1.00  

Eliza leaf litter  -0.08 -0.06 -0.19 -0.27 -0.32 -0.18 -0.13 0.04 0.17 0.05 1.00 

 

Table 2.3 Correlation matrix of climate, abiotic and biotic habitat variables for Eliza Spring. Bold entries indicate significant pairwise correlations at 

α=0.05. BSP discharge and Parthenia dissolved oxygen are used as proxies for these two Eliza variables. 
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C
lim

at
e
 Rainfall total 1.00              

Rainfall variance 0.19 1.00             

Rainfall bouts 0.22 0.62 1.00            

A
b
io

ti
c 

BSP discharge 0.27 0.29 0.37 1.00           

Parthenia dissolved O2 0.14 0.18 0.34 0.83 1.00          

Parthenia turbidity 0.50 0.27 0.26 0.27 0.24 1.00         

Parthenia conductivity -0.42 -0.19 -0.25 -0.80 -0.73 -0.32 1.00        

Parthenia temperature 0.03 0.06 -0.20 -0.36 -0.63 -0.13 0.11 1.00       

Parthenia sediment cover 0.20 -0.04 0.08 0.12 0.15 0.12 -0.08 -0.21 1.00      

Parthenia sediment depth -0.08 -0.13 -0.20 -0.07 -0.05 -0.06 0.14 -0.15 0.25 1.00     

B
io

ti
c 

Parthenia filamentous algae -0.19 -0.17 -0.25 -0.53 -0.51 -0.12 0.56 0.05 -0.21 -0.03 1.00    

Parthenia non-filamentous algae -0.13 -0.19 -0.29 -0.45 -0.41 -0.20 0.48 -0.02 -0.23 0.33 0.43 1.00   

Parthenia bryophyte -0.09 -0.22 -0.09 -0.33 -0.23 -0.13 0.33 -0.03 -0.29 -0.22 0.39 0.29 1.00  

Parthenia leaf litter 0.31 0.13 0.24 0.27 0.31 0.14 -0.23 -0.33 0.22 -0.06 -0.25 -0.17 0.01 1.00 

 

Table 2.4 Correlation matrix of climate, abiotic and biotic habitat variables for Parthenia Spring. Bold entries indicate significant pairwise correlations at 

α=0.05.  
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Figure 2.1 Aerial view of four spring sites, collectively called Barton Springs. These springs are located in Zilker Park near downtown Austin, Travis Co., 

Texas. Name markers are positioned to the upper right of each site: UBS – Upper Barton Spring, BSP – Barton Springs Pool includes entire pool area, PS – Parthenia 

Spring is spring outlet located within BSP indicated by arrow, ES – Eliza Spring, SG – Sunken Garden Spring. Inset is an adult Barton Springs Salamander (Eurycea 

sosorum) from Eliza Spring. High resolution orthoimagery courtesy U.S. Geological Survey. Salamander photograph by H. Gillespie 
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Figure 2.2 Time-Series plots of rainfall variables calculated from Wimberley 1 NW station from 2004-

2011. Refer to Table 2.1 for data sources and details for how these variables were calculated. 
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Figure 2.3 Time-series plots for abiotic habitat variables calculated from Barton Springs Pool and 

Parthenia Spring 2004-2011. Refer to Table 2.1 for data sources and details for how these variables were 

calculated. 
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Figure 2.4 Relationship between total monthly rainfall, BSP discharge and Parthenia water temperature 2004-2011. Horizontal grey bars represent 

total monthly rainfall (mm). Total monthly rainfall greater than approximately 130-150mm are necessary to drive peaks in BSP discharge after periods of lowest 

discharge rates in mid-late 2007 and mid-2009. Six- to eight-month periods of below-average monthly mean water temperatures occur as BSP discharge approaches 

peak flow rates (cubic feet/second) in late 2004, late 2006 and late 2009. 
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Figure 2.5 Hypothesized mechanisms for correlations between climate, abiotic and biotic habitat variables at Barton Springs. Arrows connect 

correlated variables from Parthenia Spring, except for sediment cover and algae correlations which are from Eliza Spring (ES). Pearson correlations (r) are indicated 

above each line.   
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Figure 2.6 Time-series plots of first-order differences () of Eliza Spring E. sosorum abundance and Parthenia Spring E. sosorum density. These 

differenced time-series were used as the dependent variables in Equations 2.1-2.7. 
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Figure 2.7 Abundance (left Y-axis) and density (right Y-axis) of three size classes of Eurycea sosorum at Eliza Spring 2004-2010. Left Y-axis represents 

the number of salamanders observed in surface habitat during population surveys. Right Y-axis represents abundance divided by Eliza Spring’s 75 m2 surface area. 
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Figure 2.8 Density of three size classes of Eurycea sosorum at Parthenia Spring 2004-2010. Peak young adult density in February 2006 represents 175 

individual salamanders. Peak in juvenile salamander density in June 2008 represents 203 individual salamanders.
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Figure 2.9 Eurycea sosorum density by size class at Eliza and Parthenia. Black line represents Eliza Spring density (individuals per square meter) on the left Y-

axis, gray line represents Parthenia density on the right Y-axis. Note that left Y-axis is an order of magnitude greater in scale than right Y-axis. Pearson correlation 

coefficients are shown for each size class as a measure of synchrony. 
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Figure 2.10 Relationship between BSP discharge, Parthenia water temperature and Parthenia juvenile E. sosorum density. Peaks in juvenile E. sosorum  

density/abundance occur 7-12 months after extremes in rainfall variables cause BSP flow rates to increase and Parthenia temperature to drop well below average for 

six- to eight-month periods. 
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Figure 2.11 Possible life history of Eurycea sosorum.  Mating could occur at any time, and females are capable of sperm storage. Adult females are long-lived 

and capable of survival in subterranean habitat during long periods of unfavorable surface habitat conditions (i.e. “storage phase”).  Oviposition occurs in 

subterranean habitat at period of lowest spring flow (i.e. to protect eggs from floods; Ringia & Lips 2007).  Hatchling salamanders grow as yolk sac is absorbed; 

growth rates are slower at cooler temperatures.  Juveniles use subterranean habitat as thermal and possibly predator refuge.  Synchronized emergence to surface 

habitat of all size classes during most favorable surface conditions (i.e. high food densities, temperature relatively stable, moderate flow rates). 
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Chapter 3  

Foraging ecology and dietary variation in the Barton Springs Salamander 

(Eurycea sosorum): an application of stable isotope analysis to conservation of 

endangered species.1 

Abstract 

 Understanding long-term dietary trends for endangered species may be essential to 

assessing the effects of ecological disturbance such as physical habitat modification, species 

introductions and global climate change. Short-term variation in food sources or prey selection 

may be crucial for understanding population dynamics. The Barton Springs Salamander (Eurycea 

sosorum) is a federally endangered species endemic to four small spring outflows in downtown 

Austin, Texas. This species remains aquatic throughout life and inhabits benthic rocky substrate. 

While little is known about its foraging ecology, E. sosorum has been assumed to be a generalist 

predator with the amphipod Hyalella azteca as its primary food source. The salamander’s 

secretive behavior and obscure microhabitat make direct foraging observations impossible. In 

this study, I describe the foraging ecology of Eurycea sosorum by (1) estimating proportional 

contributions of potential invertebrate prey to the diet of E. sosorum using stable isotope analysis 

of 12/13C and 14/15N and a Bayesian mixing model, (2) quantifying prey availability in salamander 

habitat using benthic invertebrate census techniques, and (3) describing the amount of inter-

individual and temporal variation in diet by collecting serial samples of stable isotopes from May 

2007-June 2009. 

 Stable isotope techniques used in this study revealed previously unobservable trophic 

interactions and essential natural history information for E. sosorum that can be used to improve 

conservation management for endangered species. First, results show that planarian flatworms 

(Dugesia sp.), not amphipods, are the primary food source for E. sosorum, contributing an 

average of 43-69% to population mean diet during this study. Amphipods (Hyalella azteca) and 

midge fly larvae (family Chironomidae) contributed an average of 10-43% and 11-21% to 

salamander diet during this study, respectively. Second, diet composition among individual E. 

sosorum is much more variable than previously understood, and results show that E. sosorum is 

capable of diet switching to include a greater proportion of alternative prey when preferred 

prey populations decline. Finally, while stable isotope analyses have the potential to revolutionize 

the study of amphibians and contribute greatly to their conservation, there has been little 

research to validate critical assumptions and improve applicability of these methods for use on 

these taxa. I renew previous calls for such studies to be initiated in a timely fashion, as 

amphibians become increasingly threatened in systems where their ecological roles may be 

greatly underestimated or are as yet unknown.  

                                                
1 Manuscript in preparation for submission to Conservation Biology by H. Gillespie 
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Introduction 

 Dietary studies have a long history in the field of ecology. Traditionally, these studies 

have focused on resource use at the population or species level, but ecologists are increasingly 

interested in individual variation and specialization in resource use. Understanding foraging 

strategies of consumers (and inter- and intra-individual variation in these strategies) is essential 

to understanding their trophic relationships and ecological roles. These relationships are 

particularly important to understand when the consumers under study are rare, threatened, 

endangered and/or experiencing population declines. In the face of worldwide amphibian decline, 

it is more important than ever for ecologists to understand the ecological roles these species fill 

in order to identify possible causes of these declines and how ecosystems may react to their 

loss (Cohn 1994). Amphibian species can account for staggering amounts of biomass in many of 

the world’s ecosystems (Burton & Likens 1975, Davic & Welsh 2004), yet for many of these 

species we still know very little about their trophic relationships that ultimately impact 

ecosystem structure and function (Whiles et al. 2006, Altig et al. 2007). Understanding long-

term dietary trends for these species may be essential to assessing the effects of ecological 

disturbance such as habitat modification, species introductions or global climate change. 

Knowledge of short-term variation in prey availability and consumer foraging strategy are also 

crucial for understanding population dynamics in poorly understood species.  

 The terms specialist, generalist and opportunist have been used differentially in the 

literature, so I will use the following definitions throughout this paper sensu Singer (2000). A 

generalist is an individual that feeds on a wide range of prey items, typically with no ranked 

preferences for particular food items. An opportunist may also feed on a wide range of prey, but 

can also change its diet to feed on a more profitable or acceptable temporally-available resource 

(this is sometimes referred to as trophic adaptability or diet switching; Gerking 1994). Specialists 

feed on one or a few preferred prey items regardless of availability and do not exhibit trophic 

adaptability or diet switching. These foraging strategies can have both ecological and 

evolutionary consequences. For example, populations of specialists may experience stronger 

selection than opportunists and generalists if prey availability changes rapidly due to fluctuating 

environments or levels of competition.  

 When foraging studies involve declining or threatened species, traditional methods of 

studying diet and resource use become difficult or inappropriate. Direct foraging observations 
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may be impossible in rare species that inhabit obscure microhabitats or exhibit secretive 

behavior. Stomach contents analysis is often inappropriate for threatened or endangered species 

because of the high risk of mortality and morbidity associated with this invasive sampling 

method. Furthermore, these traditional methods are often so cross-sectional in nature that they 

may not accurately reflect long-term diet patterns or preferences. Stable isotope analysis is an 

increasingly common tool in animal ecology and has several distinct advantages over traditional 

methods. First, inferences made from stable isotopes reflect integration of diet over the time 

period tissues are built, and so reflect long-term dietary preferences, rather than “snapshots” of 

dietary choices. Second, they have the ability to detect ecological relationships that can be 

unobservable using traditional methods alone (McKechnie 2004).  

 While stable isotope methods are increasingly applied to conservation problems (though 

still relatively rare among stable isotope applications), amphibians remain significantly 

underrepresented in the stable isotope literature. Their lack of easily-sampled tissues such as 

hair, feathers and scales, and small size likely prevents widespread application of these cutting-

edge tools to amphibian conservation and research. A handful of researchers, however, are 

beginning to use stable isotopes to examine the role of amphibians in ecosystems (Whiles et al. 

2006, Verburg et al. 2007), quantify the impact of invasive species on native amphibians (Finlay & 

Vredenburg 2007, Zambrano et al. 2010), assess dietary composition for understudied and 

threatened species (Fenolio et al. 2006, Najera-Hillman et al. 2009), track seasonal movements 

(Fenolio et al. 2005) and even study mutualisms between native amphibians and endangered 

plants (Romero et al. 2010). In this study, I examine the foraging ecology and degree of inter-

individual variation in diet of the permanently-aquatic endangered Barton Springs Salamander 

(Eurycea sosorum) in a series of observations of naturally occurring δ13C‰ and δ15N‰ stable 

isotopes of salamanders and potential prey from 2007-2009. 

Foraging Strategies & Dietary Variation 

 To date, studies on foraging strategy have widely been used to investigate average 

resource use for whole populations or species, often called the “total niche width” of the 

population or species (Roughgarden 1972). Fewer studies have quantified the degree of 

individual variation in resource use exhibited by many species, but many are beginning to 

emphasize the importance and prevalence of this phenomenon and its demographic 

consequences (Singer et al. 1989, Singer & Parmesan 1993, Bolnick et al. 2003, Araújo et al. 
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2007). Indeed, intra-population diet variation may be adaptive, allowing individuals to be 

successful foragers in the face of intraspecific competition (see review by Bolnick et al. 2003). 

Traditionally, optimal foraging theory models have been used to address why an individual 

animal might utilize only a subset of available food resources in an attempt to maximize rate of 

energy acquisition or reproductive benefit (MacArthur & Pianka 1966, Shoener 1971, Krebs 

1978, Sih & Christensen 2001). However, there are a variety of factors that can act to reduce 

the suite of resources predicted by optimal foraging models. Individual variations in morphology, 

physiology, behavior, intra- and inter-specific competition, perceived predation risk and 

individual experience with potential prey may all interact to determine an individual’s prey 

selection in the context of its environment. (Krebs 1978, Bolnick et al. 2003).  

 As mentioned above, because there has been some irregularity in the scientific literature 

over terms used to describe feeding strategies, I use definitions sensu Singer (2000) in this paper: 

preference to describe a behavioral characteristic of the predator; acceptability as a property of 

the prey item and electivity as property of the predator-prey interaction (described by the 

proportion of prey items in the diet relative to their availability in the environment.  

 In general, foraging models predict that an individual with no alternative prey 

preferences will select prey in proportion to their availability in the environment (Kamil & 

Sargent 1981). Strong electivity (or specialization) is usually inferred when a predator selects 

one or more prey disproportionately to its availability in the environment (Singer 2000). For 

consumers capable of diet switching, it is generally expected that when preferred prey density is 

high, predators will narrow their niche width to specialize on the most preferred prey item(s) 

and inter-individual variation in diet will be high, most often because of reduced competition for 

food (Gerking 1994, Svanback & Bolnick 2005, Deus & Petrere-Junior 2006, Werner & Hall 

1976). Conversely, when preferred prey density is low, consumers are generally expected to 

expand niche width, or generalize, to include less preferred but more available prey items, 

leading to decreased inter-individual variation in diet. In this study, I describe the foraging 

ecology of Eurycea sosorum by (1) estimating proportional contributions of potential invertebrate 

prey to the diet of adult E. sosorum using stable isotope analysis of δ13C‰ and δ15N‰, (2) 

quantifying prey availability in E. sosorum habitat using benthic macroinvertebrate census 

techniques, (3) describing the amount of inter-individual and temporal variation in diet of adult E. 

sosorum by collecting serial samples of stable isotopes over a two-year period.  
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 The conservation implications of understanding foraging strategies in endangered species 

are many. First, identifying the most important prey species in diets of target species allows 

habitat management to focus efforts on maintaining self-sustaining prey populations that are 

essential to target species. In this way, such effort is not expended on prey species that are not 

used as resources by target species. Second, identifying foraging strategies allows managers to 

anticipate how target species may react to changes in prey populations. For example, if 

endangered species are specialists, more caution must be taken by habitat managers to ensure 

that the preferred prey populations are sustained or are cultured in captivity in case of a 

preferred prey shortage. For species capable of diet switching, however, maintaining habitat that 

supports a diverse prey community (and thus not expending great effort to monitor any one 

particular prey item) may be more appropriate. Third, captive breeding programs for 

endangered species are often limited by information about the foraging preferences of target 

species, and the ability to culture wild prey items in captivity. Identifying these preferences and 

key prey species allows for captive propagation efforts to become more focused and effective. 

Results of this study are used to make specific recommendations for conservation management 

of both wild and captive populations of E. sosorum. 

Methods 

Study System 

 The Barton Springs Salamander (Eurycea sosorum) is a permanently aquatic stream 

salamander in the family Plethodontidae (Chippindale et al. 1993). Eurycea sosorum is part of a 

larger group of closely related Eurycea species inhabiting freshwater springs of central Texas 

(Chippindale et al. 2000), and inhabits the fourth-largest spring system in Texas: four freshwater 

springs collectively known as Barton Springs in Austin, Travis County, Texas (Brune 1981; see 

Chapter 2, Figure 2.1). The Barton Springs are all located along the riparian corridor of Barton 

Creek, and since the late 1800’s, three of the four Barton Springs have experienced significant 

habitat modifications including dams and changes in riparian vegetation that have altered spring 

hydrology and terrestrial-aquatic habitat linkages (US Fish & Wildlife Service 2005, Limbacher & 

Godfrey Architects 2008). Salamander habitat includes benthic surfaces near spring outflows 

with rocky substrate that is free from sediments (Chippindale et al. 1993). One of the four 

Barton Springs sites – Eliza Spring – currently hosts the largest population of E. sosorum, and is 
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the focus of this study (Figure 3.1). Total salamander density in Eliza Spring ranged from 1.29 

to16.60 individuals/m2 during this study (City of Austin, unpublished data; see also Chapter 2, 

Figure 2.7). 

 Because Eliza Spring is now surrounded by a concrete amphitheater-like structure, there 

is very little streamside vegetation or remaining canopy cover. A few clumps of aquatic 

macrophytes are found within the spring, including Ludwigia repens, Bacopa monnieri and 

Eleocharis sp., the sizes of which vary greatly through time. The aquatic moss Amblystegium 

riparum grows on the vertical surfaces of the concrete step around the circumference of the 

spring. Periphyton covers benthic rocky substrate and several species of filamentous algae grow 

on benthic surfaces to different degrees throughout the year. The invertebrate community in 

Eliza Spring is typical of high-order spring-fed streams, with high endemism, relatively low 

diversity and species characteristic of cool, fast-flowing shallow waters (Hubbs 1995, Lowe & 

Likens 2005, USFWS 2005). The two most abundant invertebrate primary consumers include 

the amphipod Hyalella azteca, which swims between benthic rocky substrate, and the water 

penny Psephenus texanus, which attaches tightly to rocky surfaces to feed on periphyton. Midge 

larvae (family Chironomidae) are typically attached to the surface of rocks in algae and sediment 

cases. Large (>10 mm), but less abundant heptageniid mayfly larvae scrape periphyton from 

rocky surfaces. Predatory and detritivorous planarian flatworms (Dugesia sp.) tend to be 

distributed in clumps of very high density on the undersides of benthic substrate and in moss. 

Several other macroinvertebrate species are found and at much lower densities in Eliza spring, 

including baetid mayfly larvae, predatory odonate larvae, small sediment-dwelling annelid worms, 

and ostracods. 

 Small aquatic salamanders are often assumed to be generalist predators that will eat any 

encountered prey item small enough to ingest (Zug et al. 2001). Eurycea sosorum is assumed to 

be a generalist predator that relies on the abundant amphipods for food (Bogart 1967, 

Chippindale et al. 1993, USFWS 2005), but there is little systematically-collected evidence to 

support this assumption. If indeed a generalist predator, I expect isotope mixing model analysis 

to show that adult E. sosorum feeds in proportion to the availability of prey in Eliza Spring and 

that there should be little variation among individuals.  
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Macroinvertebrate Abundance Sampling 

 I sampled benthic invertebrate abundance at Eliza Spring approximately monthly from 

November 2007-June 2009 using a stratified random sampling method along a flow gradient 

using Hester-Dendy (HD) artificial substrate samplers (Hester & Dendy 1962) and a Hess-type 

benthic sampler equipped with a 363µm mesh net (BioQuip Products, Rancho Dominguez, CA; 

English 1987, Merritt & Cummings 1996). HD samplers and the Hess sampler had sampling 

surface areas of 0.07 m2 and 0.03m2, respectively. Three sampling transects were established at 

equally spaced intervals across Eliza Spring’s longest axis (Figure 3.1): one “upstream” transect 

(5.25 m across), one “midstream” (6.24 m across) and one “downstream” (6.40 m across). Two 

HD samplers were deployed at random distances along each transect line (distances chosen by 

random number generator). Prior to the first sampling date (November 2007), HD tiles were 

allowed to colonize in the springs for 30 days, wiped clean with a soft brush and then re-

deployed for a further 30 days. On each sampling date, HD samplers were gently collected in a 

fine-mesh net (to avoid loss of macroinvertebrates as they were lifted out of the water), placed 

in a bucket and scrubbed gently with a soft brush. Invertebrates were preserved in 70% ethanol 

in the field. Preserved samples were sorted by taxon and counted in the laboratory according to 

Merritt & Cummins (1996). After processing HD samplers, a third randomly-selected distance 

along each transect determined the sample location for the Hess-type sampler. Because monthly 

salamander surveys at Eliza Spring (described in Chapter 2) disturb benthic substrate, 

invertebrate collections were conducted one to three days prior to each survey; HD samplers 

were then re-deployed at new randomly-chosen distances along each transect after each 

salamander survey. The sample interval was approximately 30 days. Though there were slight 

differences in the estimated total density of amphipods and planarians between HD and Hess 

samplers, the estimated densities were strikingly similar between the two methods. Thus, I 

calculated average density of macroinvertebrates per m2 using observed densities from both HD 

samplers (N=6 per date) and Hess samplers (N=3 per date), for a total of 0.51 m2 benthic 

surface area sampled per date (total of N=9 samplers per date). Relative abundances of potential 

prey species were calculated (using counts, not biomass) for comparison with estimates of 

proportion of each prey species in the diet of E. sosorum from stable isotope mixing models.  
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Stable Isotope Analyses 

 For all isotope sampling described below, tissue samples (tail clips for salamanders, and 

whole macroinvertebrates) were frozen in the field and kept on dry ice for transportation to 

the University of Texas at Austin. Samples were dried at 50°C for seven days, ground into a 

homogenous powder with a mortar and pestle and weighed (0.5-2mg, depending on tissue type) 

into 3 x 5 mm tin capsules (Costech Analytical Technologies, Inc. Valencia, CA), for isotope 

analysis. Samples were sent to the University of California at Davis Stable Isotope Facility for 

dual analysis of natural abundance 12/13C and 14/15N isotope ratios on a Europa Hydra 20/20 

continuous-flow IRMS mass spectrometer equipped with an elemental analyzer. As described in 

Peterson & Fry (1987), resultant values are reported as the difference between stable isotope 

ratios of tissue samples and international lab standards (Peedee Belemnite for 12/13C; 

atmospheric N2 for 14/15N), and are referred to as delta (δ) values in units of per mil (‰).  

Collection of Tissue for Isotope Analysis 

 In order to minimize disturbance of the wild population, collection of isotope samples 

from E. sosorum were taken during monthly population surveys conducted by City of Austin 

biologists (survey methods are described in Chapter 2). Because E. sosorum is an endangered 

species, a non-lethal tissue sample large enough for stable isotope analysis had to be identified. 

Tail clips were chosen because individual E. sosorum are too small and fragile to collect blood or 

other tissues. Loosing part of the tail tip is part of salamander natural history, and tail tips 

regenerate within several weeks (Gillespie, personal observation), thus posing no long-term 

harm to the animals. Tail clips contain skin, muscle and bone, and thus represent a mixture of 

both rapidly and slowly generated tissue, rather than just one tissue type. The advantage of this 

is that tail clips represent long-term dietary patterns, rather than a snapshot of salamander diet. 

The disadvantage is that the time scale over which tail clips integrate diet is more difficult to 

identify, with skin and muscle fractions able to turn over relatively quickly, and the bone fraction 

turning over more slowly. In a related set of diet-switching observations on E. sosorum in which I 

reared wild-caught salamanders on an isotopically distinct diet, I observed approximately 2‰ 

and 10‰ changes in tail tissue δ15N‰ and δ13C‰, respectively, within 266 days (Gillespie, 

unpublished data). Complete equilibration of tail clips with the isotopically distinct diet, 

however, could take up to two years (Gillespie, unpublished data). Micro-dissection of tail clips 

was attempted, but it was not feasible to cleanly separate bone from muscle and skin in 5mm tail 
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clips. In a study of the diet of an endangered frog, Najera-Hillman et al. (2010), observed that 

13C‰ and 15N‰ of frog toe clips (like salamander tail clips, these contain a mixture of skin, 

muscle and bone) did not significantly differ from isotope values of muscle only.  

 Tail clipping procedure occurred in the field, and took less than five minutes per animal. 

Five individual salamanders were caught using mesh nets from each of four sampling quadrants 

of Eliza Spring (approximately 20 salamanders per sampling date, N=160 total). Salamanders 

used in this study were all adults (mean snout-vent length ± SE = 30.45 ± 0.53 mm) and only 

salamanders that had undamaged, normally-developed tails were used. When caught, each 

salamander was placed in an individual plastic container filled with spring water that was floated 

in Eliza Spring to keep them cool. For clipping, each animal was transferred from the container 

to a shallow glass dish with fresh spring water by lifting it gently onto a moist piece of fine mesh. 

While briefly out of the water on the mesh, I applied one to two drops of the topical anesthetic 

and antiseptic Bactine ® (Bayer Corporation; Benzalkonium CL 0.13%, lidocaine HCL 2.5%; 

Green 2001) to the tip of the tail with a 5-ml plastic pipette. Care was taken to prevent any 

other part of the salamander’s body from contacting the anesthetic, but on two occasions the 

salamander turned 180˚ after application of the anesthetic and touched its head and gills to the 

tail. Interestingly, this caused both salamanders to immediately regurgitate the stomach contents. 

Both salamanders became fully anesthetized with an effect very similar to that of MS-222 

(Gillespie, personal observations) and regained full ambulatory function approximately 10 

minutes after being transferred to fresh water. Total length, snout-vent length, tail length and 

head width measurements (mm) and identifying photographs were taken for each salamander. 

Iris scissors (BioQuip Products, Rancho Dominguez, CA) were used to take a 5-mm clip from 

the distal tip of the tail. Clips were rinsed immediately with clean filtered water, stored in ½ 

dram glass vials sealed with Parafilm ® (Pechiney Plastic Packaging Company, Chicago, IL) and 

frozen on dry ice. After clipping, salamanders were returned to individual plastic containers with 

fresh spring water and monitored for at least two hours before being released back into Eliza 

Spring at the conclusion of each salamander survey. No complications or mortality from tail 

clipping were observed in this study during the clipping procedure or monitoring period. 

Clipping equipment was cleaned with rubbing alcohol between each clip. Tail clipping was 

conducted under University of Texas IACUC protocol #07092602 and under the auspices of 
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federal (US Fish & Wildlife Permit TE-83851) and state (Texas Parks & Wildlife Permit SPR-

1005-1515) permits held by the City of Austin under the supervision of L. Dries. 

 To determine which macroinvertebrate prey species should be included in stable 

isotope mixing model analyses, I first excluded any prey species whose smallest dimension 

exceeded the largest observed head length of E. sosorum used in this study (approximately 

10mm). Because E. sosorum feeds by suction, prey items were also excluded if they could not be 

removed from benthic substrate using a small pipette (simulating suction feeding by 

salamanders). Some macroinvertebrates that passed both of these criteria (i.e. size and suction) 

were so rare during the course of this study (e.g. mayfly larvae, ostracods, annelid worms) that 

despite intense sampling effort over several days, I could not collect enough for stable isotope 

analysis. Baetid mayfly larvae, for example, were quite abundant during preliminary site visits to 

Eliza Spring in 2006, but were completely absent from 2007-late 2009. 

 The final prey that met criteria for inclusion in mixing model analyses were Hyalella 

azteca (hereafter “amphipods”), Dugesia sp. planarian flatworms (hereafter “planarians”) and 

midge fly larvae (family Chironomidae; hereafter “chironomids”). Though chironomid larvae 

could be considered unavailable to salamanders because they are bound in algae and sediment 

cases, I included them because they are occasionally found free of these cases and may also be 

available to salamanders during emergence events. Invertebrates were collected whole, rinsed 

with filtered water, stored in ½ dram glass vials sealed with parafilm and frozen on dry ice in the 

field. Because of the small size of some invertebrates, I used composite samples of 20 planarians, 

five amphipods and two chironomid larvae to reach 1mg dry weight for stable isotope analysis. 

Planarians – which are soft bodied – dried to a film which was scraped out of glass vials with a 

small metal weighing scoop to be used for isotope analysis.  

Analysis of Stable Isotope Data 

 Proportional contributions of potential prey species to the diet of adult E. sosorum were 

estimated using the Bayesian stable isotope mixing model SIAR (Parnell et al. 2010). This 

program was used because it incorporates variation in stable isotope values (not just means as 

does IsoSource of Phillips & Gregg 2003) from consumers and prey. Furthermore, SIAR can 

incorporate variation in isotopic discrimination factors, which are corrections applied to 

consumer δ13C‰ and δ15N‰ to account for any biased uptake of the heavier or lighter forms 

of isotopes in biochemical reactions as prey tissue is assimilated into consumer tissue. As we 



58 

 

know from many other systems, isotopic discrimination of δ13C‰ is typically small or negligible 

(≈1‰) making it a good indicator of diet carbon source, whereas δ15N‰ is typically enriched by 

3-4‰ in consumers compared to their prey, making it a good indicator of relative trophic level 

(Post 2002). In addition, I use δ13C‰ residual errors for E. sosorum from SIAR mixing models as 

a proxy for the amount of dietary variation between individuals; high residual errors represent 

low dietary overlap between individuals, whereas low residual errors indicate high overlap. 

 One mixing model was run for each sampling date. Data input into each model included 

δ13C‰ and δ15N‰ from each individual E. sosorum on a sampling date and study-wide mean ± 1 

SD of δ13C‰ and δ15N‰ for each prey species (Table 3.1). I used study-wide prey averages 

rather than individual sampling date prey averages because the proportion of the tail clips that 

contains bone could potentially integrate diet for up to two years. I used an isotopic 

discrimination factor estimate from a related set of observations in which I compared isotope 

values from captive-born E. sosorum (from the City of Austin’s captive breeding program) with 

isotope values of the commercial bloodworm diet which they had been fed since hatching. 

Those observations suggest 2.31 ± 0.22‰ enrichment for δ15N‰; δ13C‰ discrimination was 

not significant (Gillespie, unpublished data). I also used default SIAR modeling specifications, 

including the default Dirichelet prior distribution and Markov chain Monte Carlo procedures 

with 200,000 iterations (see Parnell et al. 2010 for a full description of these defaults). As 

described in Parnell et al. (2010), the estimated proportional contributions of each source item 

to consumer diet are Bayesian posterior distributions (and associated residual errors) which 

represent a true probability density and are graphically summarized by SIAR using 95%, 75% and 

25% Bayesian credible intervals for each source for each sampling date.  

Foraging Strategy of Eurycea sosorum 

 To determine whether E. sosorum forages in proportion to prey availability (which 

would indicate a generalist feeding strategy), I visually and quantitatively compared mixing-

model-estimated proportional contributions of each prey item to the diet of adult E. sosorum 

with the relative abundance of amphipods, chironomids and planarians estimated from 

quantitative invertebrate sampling. For visual comparisons I plotted monthly macroinvertebrate 

relative abundance (calculated as the density per m2 of each prey species divided by the sum of 

density of all prey species observed per m2 on each sampling date) with the Bayesian credible 

intervals of proportional contributions of the diet described in the previous paragraph (Figure 
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3.5). For quantitative comparisons I calculated Strauss’ (1979) linear index of electivity for each 

of the stable isotope sampling dates except May 2007 for which there was no previous macro 

invertebrate abundance data. The Strauss index is calculated using the formula L0 = ri – pi where 

ri represents the relative proportion of item i in the diet and pi represents the relative 

abundance (or availability) of item i in the environment. Values of the Strauss index range from 

+1 (strong electivity) to -1 (low electivity or avoidance), with values near zero indicating no 

electivity or foraging in proportion to availability. I used mean SIAR mixing-model-estimated 

proportions of each macroinvertebrate prey item for ri. To calculate pi, I converted monthly 

macroinvertebrate relative abundances to quarterly values so that I would have only one of 

these values for each of the isotope sampling dates (except May 2007). I did this by calculating 

the average density of each macroinvertebrate species since the last isotope sampling date. For 

example, for comparison with August 2008 mixing model results, I calculated relative density of 

invertebrates based on average macroinvertebrate densities from June, July and August 2008.  

Eurycea sosorum Density & Population Diet Variation 

 To test hypotheses about how consumer population density affects inter-individual diet 

variability (or, diet overlap between individuals), I calculated the Pearson correlation coefficient 

(r) between (1) δ13C‰ residual errors from each sampling date’s mixing model (which is a 

proxy for the amount of inter-individual variation in diet) and (2) mean salamander density since 

the last sampling date (from City of Austin survey data; see Chapter 2) using JMP 8.0 (SAS 

Institute). 

Results 

Macroinvertebrate Abundance 

 Mean densities per m2 of potential prey species, with total E. sosorum density overlaid 

for reference, are shown in Figure 3.2. Amphipods were by far the most abundant prey species 

in Eliza Spring, and had a population density nearly an order of magnitude greater than that of 

planarians during the first half of this study. During this study, E. sosorum total population density 

sustained a peak in abundance between April-June 2008, and invertebrate populations 

experienced a subsequent sequence of declines. Planarian population density declined to near 

zero within two months of the April 2008 peak in E. sosorum density, followed by a similar 

decline in the chironomid population in October and November 2008. The amphipod 
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population, however, experienced a more gradual decline, and was reduced to approximately 

90% of its original density by the latter half of this study (Figure 3.2). Though the planarian 

population began to recover in September 2008, their density remained less than 50 individuals 

per m2. Coincident with the decline of the planarian population, a regional emergence event of 

chironomid larvae was observed during summer 2008 (H. Gillespie, personal observation). This 

may have been the time period when salamanders had greatest access to chironomid larvae, and 

their density subsequently declined to near zero in October and November 2008. 

Stable Isotope Analyses 

 Stable isotope values of prey and salamanders were consistent with expectations that 

δ15N‰ enriches with increasing trophic level (Table 3.1; Post 2002). Mean Eurycea sosorum 

δ13C‰ and δ15N‰ was relatively constant during the first few sampling dates, with a significant 

but temporary dip in mean values for both isotopes in August 2008 (Figure 3.3). A large amount 

of variation in δ13C‰ was observed between individual salamanders over the course of the 

study, with November 2007 having the greatest range in δ13C‰ between individuals (7.9‰; 

Figure 3.4b). As top predators, salamanders had the most enriched δ15N‰ values of any 

organism in this study. As would be expected by their role as primary consumers, amphipods 

and chironomids had the lowest δ15N‰ values of all the prey species, while 

predatory/detritivorous planarians had the highest (Table 3.1). On average, amphipods had 

higher δ13C‰ values than planarians, and chironomids had extremely low δ13C‰ values.  

Stable Isotope Mixing Models & Foraging Strategy in Eurycea sosorum 

 Estimated proportional contributions of potential prey items to the diet of E. sosorum 

are presented in Figure 3.5 (95%, 75% and 25% Bayesian credible intervals are shown). These 

can be interpreted as summaries of Bayesian posterior distributions (i.e. equally likely solutions 

to the isotope mixing models). Distributions of mixing model solutions are most useful when 

they include high minimum values (indicating relatively greater certainty that a prey item 

contributes to diet) and low maximum values (indicating relatively greater certainty that a prey 

item does not contribute; Phillips & Greg 2003). For example, in February 2008 the high 

minimum value for the relatively narrow 95% credible interval (44-69%; Figure 3.5) and narrow 

posterior distribution (Figure 3.6) for planarians indicate a high degree of certainty that 

planarians contribute to the diet. The 95% credible interval for chironomids, however, is much 



61 

 

wider and ranges from 0-47% (Figure 3.5), though it is heavily skewed towards lower values 

(Figure 3.6). The 95% credible intervals for amphipods in February 2008 ranged from 3%-37% 

(Figure 3.5), and its posterior distribution was skewed towards higher values (Figure 3.6).   

 Comparisons between mixing model estimated contributions and relative densities of 

prey items in Eliza Spring make it clear that salamanders select prey out of proportion with 

availability in the environment (Figures 3.5). In addition, diet switching may be indicated by the 

shifts in estimated salamander diet observed in August 2008 as planarian and amphipod 

populations declined (Figure 3.5). Mixing model estimates of amphipod contribution to the diet 

of E. sosorum are far below proportional availability until December 2008, when availability and 

average mixing model estimates are similar (Figure 3.5). Though amphipods had the highest 

relative abundance for most of the study, mixing model results indicate that they contributed a 

maximum of only 56% (December 2008) to E. sosorum diet. The dates with the lowest estimated 

contribution of amphipods to E. sosorum diet were November 2007 (3-22%) and February 2008 

(0-36%). Strauss electivity indices for amphipods were negative for most of the study, also 

indicating low electivity (and even possible avoidance of amphipods early in the study; Figure 

3.7). 

 Planarians are available at much lower relative abundance than mixing model estimates 

of diet, indicating a high degree of electivity for planarians (Figure 3.5). Mixing model estimates 

for planarians indicate relatively high minimum contributions to the diet of E. sosorum on all 

sampling dates (Figure 3.5). Strauss indices also demonstrate high electivity for planarians, with 

relatively high positive values throughout the study (Figure 3.7). Selection of planarians is lowest 

in August 2008 (8%-36%; mean 22%) following near depletion of the planarian population from 

the environment, to which E. sosorum apparently responded by increasing consumption of 

chironomids and amphipods in December 2008. As planarian populations recovered in late 

2008, mixing model estimates for planarians increased.  

 Though chironomid relative abundance increased steadily over the course of the study, 

mixing model estimates of their contribution to E. sosorum diet were low in the last few 

sampling dates of the study despite high relative abundance (Figure 3.5). Strauss electivity indices 

for chironomids were also lowest during the last three sampling dates (Figure 3.7). For all but 

one sampling date (August 2008), the distributions of mixing model solutions for chironomids 

included 0%, were heavily skewed towards low values and 95% credible intervals for 
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chironomids were wide (Figure 3.5). Highest estimated contributions for chironomid larvae was 

August 2008 (24-85%; mean 55%), which followed a decline of both amphipods and planarian 

densities and was associated with a regional emergence event for chironomids in summer 2008.  

Population Density & Diet of Adult Eurycea sosorum 

 There was a trend toward higher inter-individual variation in the diet, or overlap 

between individual diets, (as indicated by high mixing model δ13C‰ residuals) as E. sosorum total 

density decreased, but the trend was not significant (r = -0.41, p = 0.28; Figure 3.8). 

Discussion 

 This study reveals several important aspects of the foraging ecology of E. sosorum that 

were previously unknown. First, it demonstrates that planarians – not amphipods – are the 

primary food source for adult E. sosorum, and suggests that there is high electivity for planarians. 

Because amphipods are abundant in many springs where neotenic Eurycea occur, several authors 

have assumed that these are the main prey item for this group of salamanders (Bogart 1967, 

Chippindale et al. 1993, USFWS 2005). In addition, if E. sosorum were generalist predators, 

amphipods should have been the most consumed prey item since amphipods were the most 

abundant macroinvertebrate during most of this study. Though stable isotope analyses indicate 

that amphipods do make up a substantial portion of the diet on many sampling dates (the highest 

estimate is 11-61%; mean 44% in December 2008), adult E. sosorum appear to feed to a greater 

extent on planarians when available (Figure 3.5), and electivity indices show that amphipods may 

have been avoided, at least during the first half of this study (Figure 3.7).  

 Second, diet composition among individual salamanders is much more variable than 

previously thought. If individual E. sosorum were all feeding in a similar way, one would expect 

much less variation in δ13C‰ among individual salamanders (indicating all individuals consumed 

similar proportions of prey items). Instead, there were some sampling dates where δ13C‰ 

varied greatly among individuals, and that some individual E. sosorum had extreme δ13C‰ values, 

indicating that some individuals may have been eating much different proportions of prey than 

the average of the population. 

 Third, this study provides some evidence of temporary population-level diet switching 

from a planarian-dominated to chironomid-dominated diet in August 2008. Diet switching 
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indicates an opportunist foraging strategy in which a predator may change its diet to take 

advantage of temporarily available or more acceptable prey.  

Dietary Electivity of Eurycea sosorum 

 The assertion that E. sosorum exhibits high electivity for planarians – at least at the 

population level – is supported by the timing of prey population declines (Figure 3.2), stable 

isotope mixing model results (Figure 3.5) and Strauss electivity indices (Figure 3.7) during the 

course of this study. First, the Eliza Spring planarian population was the first to decline to near 

zero density after the April 2008 peak in E. sosorum density (16.60 salamanders/m2; Figure 3.2). 

This was both a faster and more dramatic decline than was experienced by either amphipod or 

chironomid populations (near 100% decline within two months of E. sosorum peak density; 

Figure 3.2). Second, the mixing model estimated proportion of planarians in the diet of E. 

sosorum reached its lowest value following this decline in planarian density (August 2008; Figure 

3.5). A temporary diet switch to chironomids (but not amphipods) was evident only after 

depletion of planarian populations (Figure 3.5). As planarian densities recovered in fall 2008, 

planarian contribution to E. sosorum diet returned to relatively high proportions (Figure 3.5). By 

October 2008, both planarian and chironomid densities had declined to near zero. It was only 

after this that estimated amphipod contribution to E. sosorum diet reached its highest value in 

December 2008. These observations suggest that adult E. sosorum have highest electivity for 

planarians, and that the apparent acceptability of amphipods increases with decreasing availability 

of planarians and chironomids. Finally, Strauss electivity indices are consistent with these 

observations, and are highest for planarians for the entire study (Figure 3.7).  

 One confounding factor in interpreting the cause for the August 2008 diet switch is the 

timing of the observed emergence event of chironomids during summer 2008. The increased 

proportion of chironomids in the diet of E. sosorum in August 2008 may have occurred because 

of a combination of increased availability of chironomids in benthic habitat as they emerged from 

cases coupled with concurrent declines of the planarian density. An additional factor that must 

be considered in any resource selection study is that estimates of prey availability (determined in 

this case by macroinvertebrate samplers) may not reflect actual availability to individual 

predators. It is possible, for example, that what I have measured as availability is actually what 

remains after preferred prey have been consumed. In addition, inter-individual differences in 

foraging microhabitats (i.e. surface vs. subterrenean habitat) could cause some individuals to 
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encounter these macroinvertebrates in different distributions. For example, while it is known 

that adult E. sosorum can live in subterranean habitat at Eliza Spring (Chippindale et al. 1993), the 

subterranean distribution and densities of prey are unknown and may differ from surface 

distribution and abundance.  

Eurycea sosorum Density & Diet Variation 

 Though discussion of dietary preference thus far has been focused on population mean 

diet, stable isotope biplots show that there are several individual E. sosorum that have quite 

extreme values of either δ13C‰ or δ15N‰ (Figure 3.4), indicating that these individuals may be 

selecting resources in different proportions than the general population. In November 2007 and 

May 2008, for example, there are individual E. sosorum whose δ13C‰ values are so low that 

their diets cannot be explained without invoking a high proportion of chironomids. In 

November 2007 and April 2009 there are several individuals whose δ13C‰ values are so high 

that their diet can only be explained by a high proportion of amphipods. Similarly, in April and 

June 2009 there are several individuals whose δ15N‰ values indicate a much higher contribution 

of planarians compared to the average of the population. A further inference from Tumlison et 

al.’s (1990) study of E. tynerensis may reveal a similar pattern of individual diet variation. While 

they found that chironomids, baetid mayflies and isopods made up the bulk of population mean 

diet, only 57.8%, 53.9% and 26.7% of individual salamanders had these prey items in their 

stomach contents, respectively. The mechanism for such individual variation, however, is not 

clear. I did not make repeated measures on individual E. sosorum in this study, which would 

allow me to determine whether these individuals have high electivity for a subset of available 

resources or whether they simply had a high encounter rates with them as a result of different 

encounter rates with prey. Because tail clip tissue may integrate or average diet for up to 2 

years (Gillespie, unpublished data), it is likely that the relatively extreme stable isotope values 

for these individuals are indicative of the former. 

 Though there was a trend towards decreased inter-individual diet variation – or, 

increasing dietary overlap between individuals – with increasing E. sosorum density, it was not 

statistically significant (Figure 3.8). I assume high E. sosorum density may increase intraspecific 

competition for prey. Mixing model results from dates with lowest prey densities (thus 

presumed high intraspecific competition; August and December 2008) also show the lowest 

degree of inter-individual E. sosorum diet variation (high dietary overlap between individuals). 
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Sampling dates with the highest prey densities relative to E. sosorum density (presumably low 

intraspecific competition; November 2007 and April 2009) had the highest degree of inter-

individual diet variation (Figure 3.8). The direction of this trend, then, is consistent with 

expectations that foragers capable of diet switching should (1) specialize on their preferred 

resource(s) when prey are abundant, resulting in low dietary overlap among individuals and (2) 

be forced to include less preferred prey in the diet (or generalize on a broader resource base) 

when prey are scarce, resulting in high dietary overlap among individuals (Gerking 1994, 

Svanback & Bolnick 2005, Werner & Hall 1976). Lack of statistical significance for this trend is 

likely due to small sample size (N=8 sampling dates for stable isotope analysis) and the relatively 

long turnover time of tail clips, which reflects a temporal average of diet, thus potentially 

smoothing the effect of salamander density on mixing model residual errors.  

Potential drivers of strong electivity for planarians 

 Planarians are a previously undescribed prey item for E. sosorum, likely because they do 

not appear in stomach or fecal contents as a result of being soft-bodied animals. It is not 

surprising that published accounts of wild salamanders feeding on flatworms are scant (but see 

Efford & Tsumura1973 and Macan 1977), given that most studies of salamander diet are based 

on stomach and fecal contents analysis. Interestingly, there are anecdotal accounts of larval 

Salamandra salamandra feeding on endangered albino planarians (Dendrocoelum sp.) in spring-fed 

cave streams (R. Manenti, personal communication). Spring-dwelling Salamandrina persepicillata 

larvae in the Appenine Mountains of Italy are also known to eat Dugesia sp., and the two 

apparently co-occur in high densities (R. Manenti, personal communication). Thus, planarians 

may be an important but overlooked prey item for aquatic salamander species. 

 Planarians have several obvious advantages as prey for E. sosorum. First, planarians are 

relatively slow-moving compared to fast-swimming amphipods, making them easier to catch if 

encountered. Second, microhabitat preferences of planarians may make them more accessible to 

salamanders. Planarians prefer to inhabit the undersides of benthic substrate and also prefer to 

forage in microhabitats with relatively low flow conditions (Hart & Merz 1998; H. Gillespie, 

personal observation). They were also easily removed from substrate by pipette suction in this 

study. Tumlison et al. (1990) found that E. tynerensis also prefers to forage in stream 

microhabitats with relatively low stream flow (i.e. not in the main flow channel). If E. sosorum has 
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a similar preference for foraging microhabitat with relatively low flow, this could increase 

encounter frequency with planarians in Eliza Spring. 

 Being soft-bodied may also make planarians more nutritionally valuable than amphipods, 

requiring less energy to digest and having less un-digestible carbon than other prey. Percentage 

carbon and nitrogen content in prey tissues (values typically reported as a result of stable 

isotope mass-spectrometry analyses) can be used as proxies for relative energetic content and 

protein content in prey items, respectively (as in Inger et al. 2006). Planarian tissue had the 

highest percent carbon and nitrogen of the three potential prey observed in this study; 

amphipods had the lowest (Table 3.1). These findings are consistent with mean values from Brey 

et al.’s (2010) global database of body composition of aquatic organisms, which also shows that 

planarians have higher energy and protein content per unit dry mass than amphipods and 

chironomids (Table 3.1). In addition, considering that amphipods are not fully digestible by 

salamanders because of their hard exoskeleton, actual carbon and nitrogen percentages available 

for digestion by E. sosorum may be substantially less than indicated by analysis of whole body 

tissue. Accordingly, data from Brey et al.’s (2010) database also shows that energetic content of 

amphipods with the exoskeleton removed is approximately 25% less than for whole amphipods.  

 In Eliza Spring chironomid larvae are sometimes, but rarely, found free from substrate-

bound cases (H. Gillespie, personal observation) and thus may be a less accessible food source 

except during emergence. This may explain their low ranges in population mixing model 

solutions, though the stable isotope biplots (Figures 3.4 b, c, d e and f) show that some individual 

E. sosorum may feed to a greater extent on chironomids than the population average. Benthic 

chironomid larvae are known to feed on algae and particulate organic matter, and are thus 

considered important recyclers of benthic nutrients (Jones & Grey 2004). Chironomid larvae are 

also known to feed on biofilms containing methane-oxidizing bacteria, which is typically depleted 

in δ13C‰ (Deines et al. 2007). Although often associated with anoxic conditions in lakes and 

ponds (Jones et al. 2008), this phenomenon was recently documented in headwater streams 

(Kohzu et al. 2004). Depleted δ13C‰ values observed in this study for some chironomid larvae 

(minimum -39.43‰), along with mixing model results for August 2008 could be further evidence 

that biogenic methane ultimately contributes to top consumers in freshwater systems.  
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Limitations of Stable Isotope Analysis 

 Because any study of diet using stable isotope mixing models is constrained by 

availability of potential prey at the time of sampling and the turnover time of consumer tissues, it 

is important to consider additional evidence about diet gained via alternate methods. Selection 

of rare or temporarily available prey, for example, may be underestimated in dietary estimates if 

turnover time of consumer tissue is long (i.e. diet is integrated or averaged over a long period of 

time). For this study, anecdotal evidence about diet and inferences from similar species may help 

to identify additional but less frequently selected dietary items for Eurycea sosorum. 

 In a study of a related stream-dwelling salamander species, Tumlison et al. (1990) found 

that population-level diet of Eurycea tynerensis was dominated by chironomid larvae, baetid 

mayfly larvae, and isopods and that these prey were generally consumed in proportion to 

availability in the environment. Interestingly, only 6.8% of individual E. tynerensis in Tumlison et 

al.’s (1990) study had gut contents containing amphipods. Additionally, there are some stomach 

contents data from a few Eurycea sosorum found dead in the field (though these data were not 

systematically collected and include salamanders from multiple size classes, locations and dates 

and were from animals apparently not in good health). These data from Tumlison et al. (1990) 

and the City of Austin (unpublished data) both reveal potential prey items that I was not able to 

collect in sufficient quantities for isotope analysis in this study: ostracods and baetid mayfly 

larvae. 

 Though baetid mayfly larvae were present in Eliza Spring before the onset of this study 

in fall 2006, they did not return to Eliza Spring until late spring of 2009 (H. Gillespie, personal 

observation). As evidenced by their three year absence from Eliza Spring during the course of 

this study, these mayfly larvae are probably not key prey species for Eurycea sosorum, but may 

very well be accepted by some individuals when small enough larvae are available. Another 

factor to consider for future studies is that stable isotope ratios of baetid mayfly larvae collected 

near the end of this study overlapped substantially with those of amphipods, thus it would have 

been difficult to distinguish between the two potential prey using stable isotope analysis alone. 

Despite intense sampling effort, I was not able to collect enough ostracods for isotope analysis, 

and densities of ostracods in quantitative invertebrate samples were very low during the course 

of this study. The same arguments about amphipod digestibility and nutritional content likely 

apply to ostracods as well, as ostracods found in E. sosorum fecal pellets often appear completely 
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undigested and are often indistinguishable from dead, preserved specimens (H. Gillespie, 

personal communication).  

 Another limitation in this study was the uncertainty regarding exact turnover times of 

tissue from salamander tail clips, which (because they contain bone) may turn over relatively 

slowly. This, in turn, added some uncertainty into the process of choosing appropriate prey 

stable isotope values (i.e. study-wide means vs. specific time lags for each sampling date) for 

input into mixing models. Mean δ13C‰ and δ15N‰ for the E. sosorum population significantly 

decreased between May 2008 and August 2008, indicating that some portion of tail clips may be 

capable of significant change over a three-month period (Figure 3.3). This decrease was 

associated with the rapid decline in planarian population density. Lab observations, however, 

suggest full turnover of tail tissue may take two years or more (Gillespie, unpublished data). In 

addition, it is worth noting that there were weak trends observed in some prey isotope values 

through time during parts of this study. Mean amphipod δ13C‰, for example, became slightly 

more enriched towards the latter half of the study whereas planarian δ13C‰ was relatively 

constant. δ15N‰ for amphipods planarians decreased slightly during the first half of the study, 

whereas chironomid δ15N‰ did not significantly change. Thus, before ultimately deciding to use 

study-wide means in mixing model analyses, I compared mixing model results using several 

variants of lagged prey isotope values from individual sampling dates (e.g. current sampling date 

only, previous sampling date only, mean of current plus one previous sampling date and mean of 

past two sampling dates). Fortunately, all model variants showed very similar mixing model 

results to study-wide means. Using specific sampling date prey values in mixing models had other 

drawbacks, as there were three sampling dates for which I could not collect enough planarians 

and chironomids for isotope analysis and missing values were interpolated from adjacent 

sampling dates.  

 In future studies, refined estimates of turnover and isotopic discrimination in salamander 

tail tissue (and other amphibian tissues) will both improve our ability to interpret mixing model 

analyses, and will broaden applicability of stable isotope techniques to more species of 

amphibians. In addition, examination of fecal pellets (which are sometimes passed when 

salamanders are in individual containers before tail clipping procedure), would be a useful 

complement to stable isotope analyses. Fecal pellet analysis could serve both to confirm 

ingestion of hard-bodied invertebrates identified by stable isotope analysis and to identify 
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selection of any prey too rare to be sampled for isotope analysis. Finally, while we know that E. 

sosorum makes use of subterranean habitat, we do not yet know the distribution of prey items in 

subterranean habitat since it is difficult (and perhaps impossible) to sample. It is certainly 

possible that realized encounter frequencies with prey could differ from relative abundance 

estimates calculated in this study because of different microhabitat preferences of salamanders 

and different prey distributions in surface versus subterranean habitats. 

Conservation Implications 

  In addition to addressing some interesting questions in trophic ecology, results of this 

study also provide conservation biologists at the City of Austin with essential information on the 

diet and ecology of E. sosorum. It has revealed that E. sosorum likely employs an opportunist 

foraging strategy with high electivity for planarians at the population level, but that some 

individual E. sosorum may forage on a different subset of resources than the average of the 

population. The observation that E. sosorum may be capable of diet switching means that 

temporary declines in preferred prey density (such as the depletion of planarian populations in 

summer 2008; Figure 3.2) may not pose a significant threat to E. sosorum populations, but the 

long-term effects of such depletions are as yet unknown. With the threat of increased climate 

variability in central Texas posed by global climate change, it will be particularly important to 

monitor these prey species to determine how they react to more long-term changes in 

environmental conditions. 

 This dietary information can also be used to guide monitoring, management and habitat 

restoration activities for E. sosorum in the field as well as diet selection for captive breeding 

facilities. First, identification of key prey items from this study can help to narrow down taxa 

(such as amphipods, planarians and chironomids) that should be quantitatively monitored. Much 

survey effort is spent estimating presence/absence of all invertebrates in Eliza Spring, and 

focusing on quantifying a subset of these could free survey efforts for other purposes. As 

discussed in Chapter 2, quantitative monitoring of important prey species would also be useful 

for explaining long-term E. sosorum population dynamics. Second, results can guide management 

of habitat to promote population growth of preferred prey species. Because planarians avoid 

microhabitats with high flow rates (Hart & Merz 1998), habitat management and restoration 

activities should seek to promote flow heterogeneity within salamander habitat in order to 

provide microhabitats with relatively less current for populations of Dugesia. In addition, Kohlasa 



70 

 

& Tyler (2001) provide useful methods for rearing flatworms in captivity, which could be used to 

supplement the diets of captive E. sosorum. Additionally, because some individual E. sosorum may 

have different dietary preferences than the average of the population, a combination of different 

food types should be fed to captive animals.  

Future studies on Texas Eurycea 

 Results of this study also provide a foundation for using stable isotope analyses to 

answer additional questions about the ecology of the Texas Eurycea and headwater spring 

systems. Similar studies could use stable isotope analyses to assess intraspecific differences in 

Eurycea diet and spring trophic structure. If high enough sample sizes could be obtained (>10), 

these methods could also be used to assess the extent of interspecific competition between 

sympatric subterranean and epigean populations of Eurycea. For example, Eliza Spring is also 

home to the subterranean E. waterlooensis (Hillis et al. 2001), and much less is known about its 

natural history and ecology. Regionally, stable isotope methods can be used to evaluate the 

extent to which anthropogenic nutrients contribute to headwater stream food webs in this 

rapidly-urbanizing area (as in McClelland & Valiela 1998). As mentioned above, stable isotope 

methods are most informative when they can be combined with additional observations of prey 

selection. Attempts at gastric lavage on these small salamanders results in injury and death, 

without effectively flushing stomach contents (Diaz 2010 describes unsuccessful attempts at 

gastric lavage on E. nana). The observation that two E. sosorum individuals regurgitated the 

stomach contents when their gills contacted Bactine ® anesthetic warrants further exploration 

for its use as non-invasive method of gastric lavage to assess stomach contents for short-term 

diet selection which could complement stable isotope analyses and/or fecal pellet collection. 

Amphibians & Stable Isotope Analyses 

 This study adds to the growing body of research that applies stable isotope analyses to 

(1) to the biology of amphibians, a group that is extremely underrepresented in the stable 

isotope literature compared to other vertebrates and (2) the conservation of rare, secretive and 

endangered species – taxa for which we are in need of non-lethal and indirect methods of study. 

This study illustrates the benefits of using stable isotope techniques to identify ecological 

relationships that would have been unobservable using traditional methods of dietary analysis, 

but there is still much to do before use of stable isotope techniques can become commonplace 

for amphibians. First, there is a great need for more laboratory studies that examine turnover 
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time and isotopic discrimination factors in different amphibian tissues (Dalerum & Angerbjorn 

2005, Pilgrim 2005, McCue & Pollock 2008). There is evidence that some biochemical and 

metabolic processes that influence assimilation of stable isotopes in reptiles and amphibians may 

be quite different from those of the well-studied endotherms (McCue & Pollock 2008). Second, 

we need to develop improved non-lethal and non-invasive techniques for sampling isotope ratios 

from amphibians. Recently developed methods to sample the mucous coat of earthworms 

(Schmidt et al. 1999) and fishes (Church et al. 2009) would greatly increase applicability of stable 

isotope analyses if adapted for use on amphibians, as it would negate the need for toe or tail 

clipping, allow repeated measures on individual animals and provide a tissue with rapid turnover 

time. Completing these laboratory studies on the rare and endangered species themselves, 

however, is not appropriate if studies may be lethal or require collections of rare animals from 

wild populations. In such cases, either already captive individuals or closely related and abundant 

species that encompass the range of sizes and life histories of both amphibians and reptiles 

should be used for these studies. I also echo previous authors (Gannes et al. 1997, Dalerum & 

Angerbjorn 2005) who recommend that researchers planning field studies using stable isotope 

analysis obtain sufficient sample sizes of prey and consumer tissues, have a good understanding 

of isotopic discrimination factors, and that they combine stable isotope analyses with other 

methods, such as fecal contents analysis, direct observation or gastric lavage when possible. 

Using sample sizes that are too small (<10) to make strong inferences about ecological 

relationships is both a waste of resources and causes unnecessary harm to species that are 

already threatened or endangered. 

 In conclusion, stable isotope analysis has the potential to revolutionize the study of 

amphibians and contribute greatly to their conservation. These techniques have revealed 

previously unobservable trophic interactions for the endangered Barton Springs Salamander and 

essential natural history information that can be used to improve conservation management for 

this - and potentially other - species of Texas Eurycea. Research to validate critical assumptions 

and improve applicability of stable isotope methods for use on amphibians should be done in a 

timely fashion, as amphibians are quickly becoming some of the most threatened taxa on Earth, 

in systems where their ecological roles may be greatly underestimated or are as yet unknown 

(Davic & Welsh 2004, Verburg et al. 2007, Salvidio 2009).  
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Tables & Figures 

 

 

 

Table 3.1 Stable isotope values and percent carbon and nitrogen content for tissue of potential prey. 

Study-wide means ± 1SD are presented; numbers in parentheses are minimum and maximum isotope values. Percent 

carbon can be used as a proxy for relative energetic content of prey and percent nitrogen can be used as a proxy for 

relative protein content of prey (as used by Inger et al. 2006). * Indicates data from Brey et al. (2010)’s global 

database of body composition of aquatic organisms. Dashes indicate no data was available. 
  

 
δ13C‰ δ15N‰ % C % N Joules/mg* % Protein* 

E. sosorum 
-33.34 ± 1.78 

(-38.23, -28.54) 
N=160 

9.41 ± 0.70 
(7.50, 11.68) 

N=160 

40.12 ± 0.10 
N=80 

8.74 ± 1.50 
N=160 

-- -- 

Amphipod 
-32.53 ± 1.41 

(-36.23, -29.04) 
N=132 

4.72 ± 0.68 
(2.51, 6.35) 

N=132 

33.75 ± 3.80 
N=62 

7.15 ± 1.28 
N=62 

16.07 ± 3.95 
N=85 

33.10 ± 10.61 
N=25 

Planarian 
-34.53 ± 1.14 

(-38.03, -31.22) 
N=78 

8.61 ± 0.75 
(7.08, 10.80) 

N=78 

51.28 ± 7.15 
N=20 

9.96 ± 2.10 
N=20 

25.62 ± 0.40 
N=4 

66.10 ± 3.09 
N=2 

Chironomid 
-35.02 ± 1.61 

(-39.44, -32.04) 
N=31 

6.15 ± 0.68 
(4.37, 7.17) 

N=31 

42.35 ± 8.26 
N=8 

7.70 ± 1.71 
N=8 

21.11 ± 3.62 
(N=15) 

-- 
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Figure 3.1 Eliza Spring, Zilker Park, Austin (Travis County, Texas), facing downstream. Notice Barton 

Springs Pool and its lower dam in the background.  White arrow marks pipe where water exits Eliza Spring. Dashed 

red lines indicate transects along which macroinvertebrate samples were taken.  
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Figure 3.2 Eliza Spring invertebrate and Eurycea sosorum density. Bars represent mean invertebrate density 

on the left Y-axis (N=9 total per sampling date; N=6 Hester-Dendy samplers, N= 3 Hess-type samplers). Error bars 

are ± 1 SE ; higher SE reflects more patchy spatial distribution of prey between sampling points. For reference, dotted 

line represents total density (all size classes) of Eurycea sosorum on the right Y-axis. 
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Figure 3.3. Eurycea sosorum mean stable isotope values over time. Error bars are ± SE. Within each isotope 

time series, points that do not share a letter have significantly different mean isotope values. Comparisons of all pairs 

by Tukey-Kramer HSD test (α=0.05).  
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Figure 3.4 Stable Isotope Biplots of individual Eurycea sosorum and mean prey items. Individual 

salamanders are represented as open squares; 2.31‰ is subtracted from each salamander 15N‰ value to reflect 
isotopic discrimination. Prey stable isotope values are shown as study-wide means with solid error bars representing 

±1SD and dotted lines representing study-wide range of 13C‰ and 15N‰. Biplot (i) shows individual E. sosorum 
isotope values from all sampling dates to demonstrate that the diet of all individuals except one (far right individual 

most enriched in 13C‰) can be explained by study-wide isotope variation observed in prey items. 
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Figure 3.5 Mixing model estimated contributions of amphipods, planarians and chironomids to the diet 

of Eurycea sosorum. From lightest grey to darkest grey, boxes represent 95%, 75% and 25% Bayesian credible 

intervals of the estimated contributions of each prey item to the diet of E. sosorum derived from the stable isotope 

mixing model SIAR. Dashed lines represent relative abundance of each prey item in Eliza Spring using same scale on Y-

axis. 
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Figure 3.6 Example of SIAR posterior distributions for proportional contributions of prey items to the 

diet of E. sosorum for February 2008. These distributions are summarized by 95%, 75% and 25% credible intervals 
in Figure 3.5.  
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Figure 3.7 Strauss’ linear electivity index for amphipods, planarians and chironomids in the diet of 

adult E. sosorum. Values near +1 indicate high selection despite low availability in the environment (strong 

electivity), values near zero indicate foraging in proportion to availability in the environment (no electivity), and values 

near -1 indicate that prey is not selected despite high availability in the environment (avoidance). 
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Figure 3.8 Relationship between inter-individual diet variation and Eurycea sosorum density. While there 

was a trend towards decreasing diet variation between individuals (as indicated by mean 13C Bayesian mixing model 
residual errors) with increasing salamander density, the Pearson correlation was not statistically significant (r=0.52, 

p=0.16). Randomization correlation (100,000 iterations) r = -0.42, p = 0.28.  
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Chapter 4  

Behavioral significance of visual, bioelectric and olfactory cues to predator 

detection by the endangered Barton Springs Salamander (Eurycea sosorum). 

 

Abstract  

 Predators affect prey populations both directly (through consumption) and indirectly, by 

inducing costly changes in prey characteristics. This includes changes in prey behavior such as 

reduced time spent foraging or seeking mates. These indirect predator effects are often 

stronger in aquatic habitats, as some cues used by prey to detect and avoid predators are more 

effectively, or only, transmitted in water. To date, the role of olfactory cues in anti-predator 

behavior by aquatic prey has received much more research attention than either visual or 

bioelectric cues (weak electric potentials generated by movement of aquatic predators). In 

addition, few studies have compared the relative use of these predatory cues to anti-predator 

behavior within a single species. I tested whether the permanently aquatic endangered species – 

the Barton Springs Salamander (Eurycea sosorum) – reacts to visual, bioelectric or olfactory cues 

from two potential predators: largemouth bass (Micropterus salmoides) and red crayfish 

(Procambarus clarkii). Eurycea sosorum reduced activity in response to visual and bioelectric cues 

from potential predators, but did not reduce activity in response to olfactory cues or a blank 

control. Responses observed in this study are consistent with the expectation that visual cues 

should be most effective in clear, shallow aquatic habitats inhabited by E. sosorum. This is the first 

study to demonstrate an anti-predator response by an amphibian mediated only by bioelectric 

cues, and one of very few to observe this phenomenon among aquatic vertebrates. Results are 

used to make conservation recommendations for endangered and threatened aquatic species, 

including E. sosorum. 
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Introduction 

 It is well known that predators affect prey populations directly by consuming prey 

(Schindler et al. 1997, Murdoch et al. 2003). However, predators can also indirectly affect prey 

by instigating costly changes in prey morphology, behavior, physiology, life-history and 

development (Peacor & Werner 1997, Lima 1998, Benard 2004, Sih et al. 2010). Changes in 

activity – including foraging behavior – are common behavioral responses to the risk of 

predation (Houston et al. 1993, Benard 2004). Prey may reduce time spent foraging or moving 

about in the open (Laurila et al. 2004), use less profitable foraging microhabitat (Werner & 

Anholdt 1993) or shift diurnal and nocturnal foraging patterns (Lima & Bednekoff 1999) to avoid 

predators. While these behavioral changes may reduce the probability of mortality via predation, 

they often incur alternate costs to prey such as reduced energy intake, reduced fecundity, or 

increased vulnerability to alternate predators or competitors (Peckarsky & McIntosh 1998, 

Peacor & Werner 2001, Bolnick & Preisser 2005). 

 The sensory cues used by prey to detect predators include visual, olfactory, bioelectric, 

and mechanosensory/vibrational stimuli. The effectiveness of these cues for predator detection 

may depend on both the transmission medium (e.g. air vs. water) and its quality (e.g. clear vs. 

turbid water). For example, the effectiveness of vision for predator detection is highly 

dependent on sight distance, which is influenced by illumination, habitat complexity, and the 

clarity of the surrounding air or water (Hartman & Abrahams 2000). A meta-analysis by Preisser 

et al. (2005) found that indirect effects of predators on prey populations were stronger in 

aquatic habitats than in terrestrial ones, presumably because some predator cues transmit more 

effectively in water (i.e. vibrational cues) or are restricted to it (i.e. bioelectric cues), allowing 

aquatic prey to perceive predation risk from these stimuli more effectively. In nature, prey 

almost certainly use multiple cues to detect predators. Most studies, however, focus on prey 

responses to a single predator cue type (e.g. only olfactory cues; Petranka et al. 1987, Kats 

1988, Gall & Mathis 2010), or fail to isolate cues, exposing prey to all possible cues from a 

predator simultaneously (i.e. Chivers et al. 1997, Sih et al. 2000, Orizaola & Braña 2003). Thus, 

there is a need for more studies that examine the relative contributions of multiple isolated cue 

types to predator detection by the same prey species (but see Stauffer & Semlitsch1993, 

Kieseker et al. 1996, Mathis & Vincent 2000, Hickman et al. 2004). In addition, the role of visual 

cues have received much less attention than olfactory cues in studies of predator detection by 



83 

 

aquatic prey. Bioelectric cues in particular have only begun to be investigated in the context of 

predator detection (Collin & Whitehead 2004), and have not been studied at all in this context 

for the vast majority of taxa known to possess a bioelectric sense (Fritzsch & Neary 1997).  

 To address these research needs, I examined the behavioral response of the 

permanently aquatic state and federally endangered Barton Springs Salamander (Eurycea sosorum; 

Chippindale et al. 1993) to independent visual, bioelectric and olfactory cues from two potential 

predators in a controlled laboratory experiment. Aquatic salamanders are good taxa in which to 

examine the role of multiple cue types to predator detection because they (1) play very 

important roles in aquatic food webs and are often the dominant vertebrate in high-order 

streams and headwaters (Davic & Welsh 2004), (2) include populations that span a gradient of 

predatory selection pressure (Kats & Sih 1992, Petranka 1998) and (3) are of particular 

conservation concern in the face of worldwide amphibian declines (Petranka 1998, Lannoo 

2005). The Texas Eurycea are a group of permanently aquatic (or neotenic; they do not 

metamorphose and retain larval characteristics such as gills and a lateral line as adults) 

salamanders endemic to headwater springs and streams of the limestone Edwards Aquifer of 

central Texas (Chippindale et al. 2000, Hillis et al. 2001). While several Texas Eurycea species 

inhabit fishless springs and streams, this group of salamanders includes populations with varying 

levels of predation (Gillespie, unpublished data). By comparing anti-predator responses among 

different populations of these closely-related species, this system provides an excellent 

opportunity to address the role of evolutionary experience with predators in shaping anti-

predator behavior (Sih et al. 2000). Thus, a secondary objective of this study was to compare 

anti-predator behavior of E. sosorum with closely related congeners that have recently been 

studied in this context (Epp & Gabor 2008, Epp 2010). 

 Finally, headwaters and high-order streams are often fishless or do not have temporally-

persistent predatory fish populations, depending on how ephemeral and physically isolated they 

are from fish-inhabited waters (Kats & Sih 1992, Davic & Welsh 2004). As we have learned from 

other systems, predator introductions into historically predator-free waters can have extremely 

detrimental effects (including extinction) on headwater amphibian populations (Kieseker & 

Blaustein 1997, Kats & Ferrer 2003, Pearson & Goater 2009). Understanding anti-predator 

behavior in endangered species can greatly increase the success of conservation and restoration 

efforts (Blumstein 2000, Swaisgood 2007). Because several species of Texas Eurycea are 
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threatened or endangered, it is particularly important to understand their anti-predator 

behavior so that predictions can be made about how they may respond to predator 

introductions throughout their range. It is also important to identify the sensory cues these 

salamanders use to detect and avoid predators so we can better understand how changes in 

environmental conditions due to anthropogenic disturbances (i.e. turbidity, acidity, conductivity 

or flow patterns) could affect the relative utility of each cue type (Leduc et al. 2008, Leduc et al. 

2009, Ferrari et al. 2010).Thus, an additional objective of this study was to apply results to 

conservation management of aquatic species, including E. sosorum.  

Sensory Cues for Predator Detection 

 In the field, predator cues likely interact in complex ways, and anti-predator responses 

by prey depend on the level of perceived predation risk (Lima & Bednekoff 1999) and 

environmental conditions that affect cue transmission (Hartman & Abrahams 2000). Studies on 

the use of vision, electroreception and olfaction in other species of salamander help guide 

specific hypotheses about how E. sosorum should respond when presented with these predator 

cues individually. 

Vision 

 Visual cues have received much less attention compared to olfactory cues in studies on 

predator detection by aquatic vertebrates. Vision should be most important to aquatic species 

that are active diurnally, and inhabit well-illuminated, clear water with few visual obstructions. 

Though vision has primarily been studied in the context of foraging behavior, motion is very 

important in salamander vision, and they will generally disregard stationary objects in the 

absence of other cues (Roth 1987). Several species of aquatic amphibian are known to reduce 

activity in response to visual cues from both predatory and non-predatory heterospecifics 

(Kieseker et al. 1996, Mathis & Vincent 2000, Hickman et al. 2004), but can apparently not 

distinguish between them based on visual cues alone. General conclusions by some authors 

(Mathis & Vincent 2000, Epp & Gabor 2008) that vision may not be very important for predator 

detection in aquatic amphibians seem to be based on relatively few studies, assume poor visual 

acuity in aquatic amphibians (i.e. Mathis et al. 1988) and study species whose habitats are not 

optimal for visual cue transmission (e.g. high turbidity and habitat complexity; Mathis & Vincent 

2000). Chivers et al. (1997) suggest that while other cues (such as olfactory) may be sufficient to 

instigate anti-predator behavior, vision may be required for localizing predators in the 
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environment, especially in habitats that are suitable for transmission of visual cues. Because E. 

sosorum inhabits clear, shallow aquatic habitat with ample light and can be sympatric with large 

moving predators, I hypothesize that visual cues should be reliable indicators of predator 

presence in this system, and that E. sosorum should respond to these cues by reducing activity. 

Bioelectric 

 The behavioral significance of bioelectric cues to predator detection has received 

startlingly little research attention. Passive electroreception (the ability to detect weak or low-

frequency electric fields) is a primitive characteristic of vertebrates that has been documented 

primarily in fish and elasmobranchs, but has also been described in a few species of caecilians 

and salamanders (Himstedt 1982, Zakon 1988, Fritzsch & Neary 1997, Collin & Whitehead 

2004). Weak bioelectric fields are generated in aquatic environments as animals move through 

water (i.e. swimming or ventilatory movements; Gruber et al. 1979). Electroreception has been 

most extensively studied in the contexts of communication, orientation in the environment, and 

prey detection (reviewed by Collin & Whitehead 2004 and Peters et al. 2007). Its role in 

predator detection is much less studied, but has been documented in shark and ray embryos 

inside egg pouches and in young and developing rays, catfish and sharks, which exhibit a freezing 

response to bioelectric cues from large fish predators (Sisneros et al. 1998, reviewed by Collin 

& Whitehead 2004). There is still much to learn about the extent of bioelectric cues for 

predator detection among the aquatic vertebrates. For the amphibians, the behavioral 

significance of electroreception for any function is still largely unexplored. Most of this research 

has focused on neurophysiology and detection tolerances to artificially-generated stimuli by a 

few species of amphibians (Himstedt 1982, Himstedt & Fritzsch 1990, Schlegel 1997, Schlegel & 

Bulog 1997, reviewed by Fritzsch & Neary 1997, Schlegel et al. 2009). Most salamanders have a 

lateral line during the aquatic phase of their life equipped with both mechanosensory and 

electrosensitive ampullary receptors (Hetherington & Wake 1979, Münz et al. 1984). Eurycea 

sosorum is permanently aquatic and retains the lateral line (and therefore the ampullary 

receptors) the entire life. In addition, high water conductivity within the limestone Edwards 

Aquifer and large moving predators capable of producing bioelectric fields should allow for 

effective bioelectric cue transmission through spring water. Therefore, my second hypothesis is 

that E. sosorum should be able to detect weak bioelectric cues generated by potential predators 

and should respond by reducing activity. 
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Olfactory 

 Olfactory cues for predator detection in aquatic systems have been studied extensively, 

transmit easily in water and can be reliable signals of predator presence and identity (Elliott et al. 

1993, Katz & Dill 1998, Chivers & Smith 1998, Turner et al. 2000). Over the last 10-15 years, 

research on the use of olfactory cues for predator detection by aquatic prey has focused heavily 

on the effects of different types of olfactory cues, including predator kairomones (chemicals 

emitted by predators that are detected by prey), disturbance cues (released by conspecifics 

upon disturbance by a predator), damage-released cues (released by injured conspecifics) and 

predator dietary cues (cues emitted by a predator that has fed on conspecifics; all types 

reviewed by Ferrari et al. 2010b). There remain few studies that compare the effectiveness of 

olfactory, visual, and other cues (or indeed, their combination) to predator detection. In E. 

sosorum habitat, swift, multi-directional water flow may reduce the reliability of olfactory cues 

for predator detection (or at least predator localization). However, use of olfactory cues for 

predator detection is common in salamanders, and has been demonstrated in congeners of E. 

sosorum. Epp & Gabor (2008) and Epp (2010) found that a sister species of E. sosorum – Eurycea 

nana – reduces activity in response to olfactory cues from fish predators. Hickman et al. (2004) 

found that larval Eurycea multiplicata griseogaster also reduces activity in response to olfactory 

cues from a fish predator. Therefore, my third hypothesis is that Eurycea sosorum should also be 

able to respond to olfactory cues from potential predators by reducing activity. 

Methods 

Study Site 

 Eurycea sosorum is restricted to four small freshwater springs collectively known as 

Barton Springs located in Zilker Park near downtown Austin, Travis County, Texas (Figure 4.1; 

approximately 30.264˚N, 97.771˚W). E. sosorum live in the benthos, often seeking refuge 

underneath a layer of benthic limestone cobble. Major threats to this species include physical 

habitat modification (three of the four Barton Springs are significantly impounded with concrete 

structures, including dams) and degradation of water quality and quantity in this rapidly 

urbanizing watershed (US Fish & Wildlife Service 2005, Mahler & Massei 2007). Barton Springs 

Pool (BSP) is managed by the City of Austin as a public park and swimming pool, and contains 

Parthenia Spring which hosts one E. sosorum population. The other three springs are managed 
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exclusively as E. sosorum  habitat and are closed to the public (US Fish & Wildlife Service 2005; 

see Chapter 2, Figure 2.1). BSP sits within the streambed of Barton Creek, but is dammed both 

upstream and downstream of its main spring outlet. A concrete culvert diverts water from the 

upstream reaches of Barton Creek around BSP to lower Barton Creek (Figure 4.1). As a result, 

BSP (and therefore E. sosorum habitat at Parthenia Spring) is currently more pond-like than 

stream-like and hosts a large diverse community of native and non-native predators including 

largemouth bass (Micropterus salmoides), Rio Grande ciclid (Cichlastoma cyanoguttatum), 

greenthroat darter (Etheostoma lepidum), several sunfish (Lempomis spp.) and the omnivorous 

red crayfish (Procambarus clarkii). Eliza Spring hosts the largest population of E. sosorum, and is 

the focus of this study. Eliza Spring historically drained into Barton Creek via a shallow overland 

stream, but was impounded circa 1910 when a concrete amphitheater was built around its 

banks. It currently drains through a concrete pipe which intersects the BSP bypass tunnel (Figure 

4.1). Eliza Spring has a benthic surface area of 75 m2 with clear shallow water (mean 2004-2010 

water depth ± SE = 395 ± 20.27 mm) with variable flow rates (mean 2004-2010 site flow 

velocity 0.29 ± 0.003 m3/second. City of Austin, unpublished data). Eliza Spring does not 

currently have any large fish predators, but does host a persistent population of western 

mosquitofish (Gambusia affenis) and red crayfish (Procambarus clarkii). The extent to which large 

predatory fish were historically found in Eliza Spring is unknown. Large fish are not often 

observed in Eliza Spring, though hatchling yellow bullhead catfish (Ameiurus natalis) and non-

predatory central stoneroller (Campostoma anomalum) have been observed temporarily after 

flood events (Gillespie, personal observation). The small diameter of the cobble-filled pipe that 

drains Eliza Spring, the difference in elevation between Eliza and Barton Creek, and high spring 

discharge from Eliza may act as barriers to establishment of large fish predators. Largemouth 

bass (M. salmoides) and red crayfish (P. clarkii) were chosen as predators for this study because 

these species have occasionally been observed preying on E. sosorum during salamander 

population monitoring surveys in the field (L. Colucci & H. Gillespie, personal observation). 

While M. salmoides are intense visual predators on benthic prey, P. clarkii are more opportunistic 

and may prey on salamanders if encountered in an enclosed space at close range (Rahel & Stein 

1988). Thus, I consider M. salmoides a more high-risk predator for E. sosorum than P. clarkii. 
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Collection & Housing of Eurycea sosorum and Potential Predators 

 Adult E. sosorum (mean snout-vent length ± SE = 29.97 ± 0.67mm) were collected from 

Eliza Spring between April and September 2008. Wild-caught animals were used for this 

experiment because even wild-caught E. sosorum in captivity can show a reduced startle 

response after several weeks in captivity as they begin to associate researchers with food (H 

Gillespie & L Dries, personal observations). To prevent this from occurring during this 

experiment, cloth sheets were draped around housing tanks so that salamanders could not see 

researchers during feeding or during testing. Because of strict limitations on collecting this 

endangered species from the wild, I collected small groups of six salamanders each on four 

different collection dates, for a total of 24 salamanders. On each collection date, I captured six 

adult E. sosorum from Eliza Spring during routine population monitoring surveys and allowed 

them to acclimate in the lab for seven days before testing. After the experiment, salamanders 

were transferred to the City of Austin‟s captive breeding facility (Austin Nature Center, Travis 

County, TX) and six additional salamanders were collected. Though my original intent was to 

return these animals to Eliza Spring after the study, they were ultimately transferred to the 

captive breeding facility at the request of the US Fish & Wildlife Service. 

 Salamanders were housed individually in glass tanks (33cm x 16cm x 13cm; filled to 5L 

volume) inside a climate-controlled environmental chamber at 21°C. Full-spectrum lighting 

inside the chamber was set to a 12:12-hour day:night cycle. Aquaria were filled with water from 

the Barton Springs segment of the Edwards Aquifer pumped from a well at the City of Austin‟s 

captive breeding facility for Eurycea sosorum. Salamanders were fed frozen bloodworms every 

third day, never on a testing day. Each tank had a tight-fitting polypropylene lid, sponge filter, and 

segments of artificial plant. A 4cm x 4cm black polypropylene tile with 0.5 cm ground clearance 

was placed in the center of each tank as a refuge for the salamanders. Each tile was attached to a 

15 cm plastic handle so it could be removed from the tank with minimal water disturbance. 

Because salamanders tended to seek refuge under the tile, it also served to keep salamanders in 

the same position in the center of the tank prior to testing. Because some salamanders 

experienced “gas bubble trauma” (a condition in which a gas bubble develops in the body cavity 

and causes the salamander to float and/or swim continuously; Bouck 1980), some salamanders 

did not complete all seven trials.  
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 Juvenile M. salmoides (mean total length ± SE = 129.55 ± 10.25 mm) were collected from 

Lochow Ranch (Milam County, TX) on 29 Jan 2008. Adult crayfish (mean total length ± SE = 

77.5 ± 2.5mm) were trapped from the wild in Sunken Garden Spring (Zilker Park, Travis 

County, TX) using crayfish traps baited with cat food on 28 January 2008. Stimulus animals were 

housed individually in 38-L aquaria with hanging filters in the same environmental chamber as 

salamanders. M. salmoides were fed nutrient-enriched live crickets every other day. P. clarkii 

were fed a sinking pellet crustacean food and dried seaweed sheets every other day. Black 

plastic sheeting was placed around salamander tanks to avoid any visual contact between 

salamanders and researchers or stimulus animals inside the housing chamber. For convenience 

and brevity, I hereafter refer to M. salmoides as “bass” and P. clarkii as “crayfish” unless 

otherwise noted. 

General Experimental Design & Testing Procedures 

 Because E. sosorum is stressed by capture and movement, animals were housed 

individually in the same focal tanks in which experiments were carried out. For each trial, the lid 

and filter of the focal tank were gently removed, and the tank was carefully carried 

approximately 5 m to a test arena. The test arena consisted of a rectangular cardboard shield 

surrounding the entire tank with a small hole cut out for the observer on one side and a 

remotely operated video camera suspended over the other side. After a focal tank was moved 

to the test arena, the salamander was allowed to acclimate for 10 minutes. After the acclimation 

period, the black tile was carefully removed and the salamander was observed for a 10 minute 

pre-stimulus period. I then introduced one of seven possible treatments (control, bass visual, 

crayfish visual, bass bioelectric, crayfish bioelectric, bass olfactory, crayfish olfactory) and 

observed the salamander for an additional 10 minutes. Video recordings were made of all trials, 

and J-Watcher software (version 1.0, Blumstein & Daniel 2007) was used to calculate total 

number of seconds spent active (any forward motion of the salamander, including walking and 

swimming) during the pre-stimulus and post-stimulus observation periods. Other discrete 

behaviors, including head lifts, head turns and buccal pumps did not occur commonly enough for 

statistical analysis.  

 As mentioned above, following each collecting date (day 0) salamanders were allowed to 

acclimate to lab conditions for seven days (days 1-7). During this experiment, each salamander 

experienced a total of seven trials (an individual test for an individual salamander): one control 
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and the six predatory treatments listed above. To control for order effects, the six predatory 

treatments were assigned to each salamander in random order. The order in which each 

salamander was tested on testing days was also randomized. Following the seven day 

acclimation, all six salamanders experienced one trial every third day. The first trial for every 

salamander (on day 8) was the control in which no predatory stimulus was presented in the 

post-stimulus observation period. On days 9 and 10 salamanders were allowed to rest. On day 

11, salamanders experienced the first randomly-assigned predatory treatment and days 12 and 

13 were rest days. On day 14 salamanders experienced the second randomly-assigned predatory 

treatment, and so on until all salamanders had experienced all six predatory treatments. 

Treatments 

Visual 

 For visual treatments, a cardboard blind separated the focal tank from a smaller tank 

containing a bass or crayfish during acclimation and the pre-stimulus period (Figure 4.2a). The 

blind was removed for the post-stimulus observation period, exposing the focal salamander to 

visual cues from the bass or crayfish. Individual stimulus animals (one of two bass or crayfish) 

were randomly assigned to salamanders in the visual treatment. 

Bioelectric 

 I designed a passive test for reception of weak bioelectric stimuli in E. sosorum with the 

help of Harold Zakon from the University of Texas at Austin. The cardboard blind used in the 

visual treatments separated the focal tank from a smaller tank containing a randomly assigned 

bass or crayfish for the entire experiment (Figure 4.2b). Two 15 cm long “Π”-shaped pieces of 

silver wire (99.99% silver, 22 gauge; CGSG, Inc., Phoenix, AZ), with tips dipped in household 

bleach to produce an AgCl coating, were suspended 5 cm apart above both tanks using fine 

string. After the pre-stimulus period, the paired wires were lowered into the water of both 

tanks, completing a circuit allowing bioelectrical cues generated by the bass or crayfish to be 

transferred from the predator tank to the focal tank. This test assumes that (1) weak bioelectric 

cues are generated by the movement of bass (as demonstrated by Gruber et al. 1979 and 

Carlson 1982 for the fish Lepomis sp.) and crayfish (as demonstrated by Taylor et al. 1992 for 

the crayfish Cherax quadricarinatus and Watt et al. 1999 for C. destructor) and (2) these cues are 

transmitted through the silver wires to the focal salamander (H. Zakon, personal 

communication). Specific conductance of water from Eliza Spring used in this experiment ranged 
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from 543-712 µS/cm at 25˚C, which is within the range sufficient to transmit weak bioelectric 

signals (Gruber et al. 1979). 

Olfactory 

 Upon collection from Lochow Ranch, bass were housed individually in 38 L tanks for 

three days and fed crickets before olfactory stimulus acquisition. All four bass were transferred 

into a 75 L tank filled with fresh spring water for 24 hours and were not fed during this time. 

Forty-ml water samples were collected in plastic 50 ml centrifuge tubes, labeled and frozen. 

After collection from Sunken Garden Spring, crayfish were housed together in a plastic 15 L 

bucket for three days with air pumps, and fed dried seaweed once before olfactory stimulus 

acquisition. Eight crayfish were transferred to a 15 L bucket of fresh spring water for 24 hours 

and were not fed during this time. 40 ml water samples were collected in plastic 50 ml 

centrifuge tubes, labeled and frozen. Two bass and two crayfish were kept to serve as predators 

for the visual and bioelectric treatments.  

 Frozen stimulus tubes were thawed in a circulating water bath prior to use. A length of 

plastic tubing emanating from a 50 ml vial containing olfactory stimulus (hidden behind a 

cardboard blind) was connected to the wall of the focal tank before acclimation. After the pre-

stimulus period had elapsed, olfactory stimulus was released from the vial which then flowed 

into the focal tank at a rate of approximately 0.67 milliliters per second. 

Statistical Analyses 

 To test whether salamander behavior changed in response to each treatment, I 

performed a paired t-test on pre-stimulus vs. post-stimulus activity for each of the seven 

treatments. Since I was limited in sample size due to working with an endangered species, I also 

performed a randomization test for paired data (sometimes called a permutation test) to 

confirm t-test results (Manly 2007; data paired by salamander). This test works by randomly re-

pairing observed data a specified number of iterations without replacement, calculates the mean 

post-stimulus vs. pre-stimulus difference in activity, and creates a distribution of resampled t-

values. The randomization test calculates the probability of observing a t-value in this 

distribution as extreme as the one observed by the original data (i.e. the proportion of 

resampled t-values that are more extreme than the observed t-value). Randomization tests were 

performed using the program Resampling Procedures (version 1.3, D Howell, University of 

Vermont; 100,000 random resamplings of the observed data, α=0.05). Because I was interested 
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a priori in the independent effects of each treatment on salamander behavior and did not make 

statistical comparisons among treatments, I tested for differences in pre-stimulus vs. post-

stimulus behavior within each treatment only. There is some debate in the statistical literature 

regarding whether p-value adjustments for multiple hypothesis tests (i.e. Bonferroni or other 

such corrections) are necessary in this instance, or whether these adjustments may 

unnecessarily increase the Type I error rate (Narum 2006, Waite & Campbell 2006). For those 

readers who are inclined to the former, the Benjamini-Hochberg-adjusted critical value for 

significance is p  0.014 (Benjamini & Hochberg 1995). Descriptive statistics and graphs were 

generated with the statistical package JMP (version 8.0.1, SAS Institute). 

Results 

 Results of four trials were extreme statistical outliers for post-stimulus activity. These 

were removed from analysis because of the combination of their outlier status and because 

either (1) the salamander in those trials developed an abdominal gas bubble and swam or floated 

for the entire post-stimulus observation period (three trials) or (2) the salamander stopped 

moving well before and for the entire duration of the post-stimulus period (one trial). One 

salamander was affected by gas bubble disease so severely it could not be used, reducing the 

total number of salamanders used in this experiment to 23 animals. 

 Visual inspection of rank-ordered data plots showed no effects of treatment order (over 

the course of the experiment), trial order (within a day), collection date or body size on E. 

sosorum activity. Paired t-test and randomization test results were consistent with one another, 

and the p-values from these tests are presented at the bottom of Figure 4.3. There was no 

significant difference between pre-stimulus and post-stimulus activity for the control, crayfish 

bioelectric, bass olfactory or crayfish olfactory treatments (Figure 4.3). Eurycea sosorum were 

significantly less active in the post-stimulus observation period for bass bioelectric and crayfish 

visual treatments, but only marginally so for the bass visual treatment at α=0.05 (Figure 4.3; bass 

visual not significant at the Benjamini-Hochberg-adjusted critical value). 

Discussion 

 Eurycea sosorum significantly reduced activity in response to bioelectric stimuli from bass. 

This is the first study to document an anti-predator response by an amphibian mediated only via 

bioelectric predatory cues, and one of very few studies to demonstrate this phenomenon by any 
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type of animal (but see Sisneros et al. 1998, Sisneros & Tricas 2002). Eurycea sosorum also 

reduced activity by about 7% to bass visual (though only marginally significant) and 

approximately 5% to crayfish visual treatments in this study, but did not significantly reduce 

activity to either of the olfactory treatments. In addition, I observed considerable variation in 

anti-predator behavior among individuals, with some salamanders exhibiting consistent behavior 

across treatments (potential “behavioral syndromes”, sensu Sih et al. 2004). Though a detailed 

discussion of these syndromes is beyond the scope of this paper, this individual variation in 

behavior led to increased variance within treatments, which may have made it more difficult to 

detect significant responses to olfactory treatments.  

 Results of this study also suggest priority use of visual and bioelectric cues over 

olfactory cues in the Eliza Spring population of E. sosorum. This makes sense considering that the 

clear shallow aquatic habitat occupied by E. sosorum should make visual cue transmission highly 

effective. In addition, bioelectric sensitivity has been documented in other ecologically-similar 

salamanders that are known to spend some portion of the time in subterranean karst habitats 

(Schlegel 1997, Schlegel & Bulog 1997), as can E. sosorum (Chippindale et al. 1993). This is 

contrary to several other studies comparing multiple predator cues on aquatic amphibians, 

which found priority use of olfactory cues over other types of cues for predator detection 

(Stauffer & Semlitch 1993, Kieseker et al. 1996, Mathis & Vincent 2000, Hickman et al. 2004). 

Though standardized comparisons with these studies are difficult (they include a range of 

different lighting conditions, cue types, response variables and species from different habitat 

types) this study demonstrates that vision and other more understudied cues such as bioelectric 

stimuli, may be more important to predator detection in aquatic amphibians than is currently 

understood.  

Visual  

 In this study, reductions in E. sosorum activity in response to bass and crayfish visual 

treatments are consistent in pattern and magnitude with previous studies examining anti-

predator behavior in other species of aquatic salamanders to visual-only cues (Mathis & Vincent 

2000, Hickman et al. 2004). Eurycea sosorum in this study spent, on average, approximately 7% 

and 5% less of the total post-stimulus period being active compared to the pre-stimulus period 

in bass visual and crayfish visual treatments, respectively. There was no difference in the 

magnitude of the observed responses to bass vs. crayfish, which suggests that E. sosorum can use 
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visual cues to detect potential predators, but may not be able to discriminate between them 

when provided with visual-only information. This apparent “generalized alarm response” to 

visual cues has also been observed in fish (McCormick & Manassa 2008), tadpoles (Kieseker et 

al. 1996), and aquatic salamanders (Mathis & Vincent 2000, Hickman et al. 2004). With a sample 

size of only seven individuals, Mathis & Vincent (2000) detected a similar 8% reduction in activity 

of newt larvae (N. v. louisianensis) in response to visual-only cues from predatory salamanders 

and non-predatory tadpoles, but not to a blank control. Hickman et al. (2004) found that Eurycea 

multiplicata griesogaster larvae significantly increased latency to strike at food (the time between 

introduction of food and attempted foraging) when exposed to visual cues from predatory fish 

and non-predatory tadpoles compared to a blank control. Considering Roth‟s (1987) conjecture 

that motion is a “strong requirement” for use of visual cues in many salamanders, a large moving 

object (regardless of actual predation risk) may be sufficient to elicit a generalized alarm 

response from aquatic salamanders in the absence of other cues.  

 Mathis & Vincent (2000) hypothesize that poor visual acuity due to myopia (“near-

sightedness” or blurred vision at far distances; documented in Bufo tadpoles by Mathis et al. 

1988) in larval amphibians may explain the inability of salamanders to discriminate between 

heterospecifics using only visual cues. Myopia in larval amphibians is caused by structural changes 

in the eye that accompany the transition from aquatic to terrestrial habitat during 

metamorphosis, and is most pronounced just before emergence from aquatic habitat (Sivak 

1978). Because the neotenic Eurycea do not undergo metamorphosis (unlike Notopthalmus used 

in Mathis & Vincent‟s 2000 study), I think it is unlikely that they are affected by myopia in this 

way. In fact, Roth‟s (1987) and Roth et al.‟s (1997) accounts of the visual acuity in salamanders 

demonstrate that amphibians have some of the widest visual fields among the vertebrates and 

estimate visual acuity in aquatic salamanders to be up to 2.5 meters. Chivers et al. (1997) and 

Wildy & Blaustein (2001) hypothesize that, even if prey can discriminate between predators 

using only olfaction, vision may still be necessary to physically localize and navigate away from 

predators. This may be particularly important in habitat like Eliza Spring, where multi-directional 

water flow could make it difficult to determine where a predator is located if only olfactory cues 

are available. In contrast to Mathis & Vincent (2000) and Hickman et al.‟s (2004) studies, which 

used visual cues from predatory vs. non-predatory heterospecifics, bass and crayfish used in this 

experiment can both be predators of E. sosorum in the field to some extent. Thus, E. sosorum 
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may not have discriminated between bass and crayfish in this experiment because either (1) they 

are not able to judge relative threat posed by each heterospecific based on visual cues alone or 

(2) both are equally risky predators and salamanders recognize them as such.  

 Some individuals in this study clearly showed ineffective anti-predator behavior to visual 

cues in the anticipated manner. For example, a few salamanders in this study walked up to the 

glass immediately in front of bass (which repeatedly engaged in „threatening‟ predatory 

behaviors, such as orienting towards salamanders and striking at the glass) and apparently 

examined the predator for several minutes. This apparent „boldness‟ or activity in the presence 

of predators has been documented in other systems (Wilson et al. 1993, Fraser et al. 2001, Sih 

et al. 2003, reviewed by Sih et al. 2004), and some theorize that such intra-population variation 

in behavioral traits may be adaptive and could help explain long-term persistence of populations 

in the face of changing selection pressure from predators (Sih et al. 2004, Wilson 1998, 

Dingemanse et al. 2010).  

Bioelectric 

 It is particularly exciting that E. sosorum demonstrated an anti-predator response to 

bioelectric signals from bass in this study. This phenomenon has only been described in a few 

other species known to possess an electric sense. Embryonic skates and rays, and young dogfish 

have also been shown to decrease movement in response to bioelectric fields of predatory fish 

(Sisneros et al. 1998, Collin & Whitehead 2004). Eurycea sosorum did not appear to use 

bioelectric stimuli to respond to crayfish, which is potentially explained by a methodological 

drawback of this study. In order to generate a bioelectric current, predators need to keep 

moving. In this experiment, bass moved continuously (both to stay upright and move water over 

the gills), but crayfish may not have moved sufficiently in every trial to generate bioelectric cues 

strong enough to be detected by E. sosorum. Bass also have higher muscle mass than crayfish and 

could have generated stronger bioelectric stimuli. However, the low-tech approach employed in 

this study is clearly useful as a first step in exploring the ability of aquatic vertebrates to detect 

predators using bioelectric cues, especially if one does not have access to the highly specialized 

equipment necessary for more complex manipulation of bioelectric signals.  

Olfactory 

 The lack of a significant behavioral response to olfactory cues by E. sosorum is curious, 

especially given that they seem to be so important for other salamanders (Chivers et al. 1997, 
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Wildly & Blaustein 2001), including congeners (Eurycea multiplicata, Whitham & Mathis 2000, 

Hickman et al. 2004; Eurycea nana, Thaker et al. 2006, Epp & Gabor 2008, Epp 2010; E. rathbuni, 

Epp et al. 2010). Though it is unknown how E. nana reacts to visual and bioelectric predator 

cues, a series of experiments by Epp & Gabor (2008) and Epp (2010) show that E. nana reduce 

activity to several types of olfactory predatory and conspecific alarm cues. Epp et al. (2010) 

demonstrate that yet another of the Texas Eurycea - E. rathbuni – is able to use olfactory cues to 

mediate social interactions. E. sosorum, E. nana and E. rathbuni are all very closely related species 

within the neotenic Texas Eurycea tribe Hemidactyliini (Chippindale et al. 2000, Hillis et al. 

2001).  An obvious question here is: why should other very closely-related species of Eurycea be 

adept at using olfactory cues for predator detection (and other functions) while E. sosorum from 

Eliza Spring is not? To explore possible reasons for these differences, I compared results of this 

study with recently studied congeners as a secondary objective of this study.  

 First, it is unlikely that the absence of anti-predator response in E. sosorum to olfactory 

cues observed in this study is due to small sample size. Similar studies of aquatic salamander 

responses to visual and olfactory predatory cues have observed significant and much larger 

reductions in activity than those observed in this study, even with lower sample sizes and higher 

standard errors (Mathis & Vincent 2000, Epp & Gabor 2008, Epp 2010). The sample sizes used in 

this experiment (N=19-23 individuals per treatment with repeated measures on individuals) 

were sufficient to detect a significant reduction in activity to both visual and bioelectric predator 

cues and were larger than those used in other studies that also observed significant reductions 

in activity to olfactory cues (N=7-12/treatment in Mathis & Vincent 2000, N=10-15 /treatment 

for studies by Epp & Gabor 2008 and Epp 2010). The degree of response to olfactory cues by E. 

sosorum observed in this study is generally lower than those observed for other species. E. 

sosorum in this study spent an average of 3.8% and 3.2% less of the total post-stimulus period 

being active compared to the pre-stimulus period in the bass olfactory and crayfish olfactory 

treatments, respectively. Epp (2010; chapter 4, experiment 1) observed a 7% reduction in 

captive-raised adult E. nana activity in response to olfactory alarm cues from damaged 

conspecifics, and 15-34% reductions in E. nana activity in response to olfactory cues 

representing varying levels of predation risk and exposure frequency (chapter 4, experiment 2). 

Epp & Gabor (2008) observed 21% and 38% reductions in E. nana activity for wild-caught and 
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captive-reared E. nana exposed to olfactory cues from largemouth bass (M. salmoides), 

respectively.  

 Second, apparent differences in anti-predator response to olfactory cues between E. 

sosorum and E. nana could also be due to differences in laboratory lighting conditions between 

studies. This study was carried out in well-illuminated tanks while those on E. nana (Epp & 

Gabor 2008, Epp 2010) were carried out under dim red light. Hartman & Abrahams (2000) 

describe a phenomenon which they call “sensory compensation” in which the relative 

dominance of one sensory system is increased in the absence of other sensory cues. Several 

studies highlight the important role of specific light conditions in the use of vision by 

salamanders, and demonstrate that the neurophysiology of the salamander brain may allow the 

olfactory system to override the visual system in low-light conditions and vice-versa in high-light 

conditions (reviewed by Roth 1987 and Roth et al. 1997). Dreiss et al. (2009), for example, 

found that spring-adapted and cave-adapted populations of the aquatic salamander Calotrition 

asper exhibited conspecific association preferences only under native light conditions (light for 

spring-adapted and dark for cave-adapted populations). Although some species of salamander 

can use vision for prey detection at very low illumination (in some cases less than 0.003 

lumens/m2 ; Roth 1976, Himstedt 1982), I hypothesize that sensory compensation may play a 

role in predator detection in Eurycea salamanders, decreasing reliance on olfaction in well-

illuminated conditions and increasing reliance on olfaction in low-light conditions. An easy way 

to test this hypothesis would be to repeat this study under low-light conditions and Epp‟s 

experiments under high-light conditions. 

  Finally, while close phylogenetic or population-genetic relatedness increases the 

likelihood that closely related species possess sensory systems capable of detecting the same 

cues, ecological conditions (e.g. differences in habitat quality that affects cue transmission) and 

selection pressures (e.g. levels of predation risk) may be more influential in shaping adaptive 

behavioral responses (Marvin et al. 2004). There are several important differences in the ecology 

of Eliza Spring and Spring Lake (E. nana primary habitat) that could affect anti-predator 

responses to olfactory cues. First, Eliza Spring has become extremely isolated from Barton 

Creek and Barton Springs Pool (two potential sources of fish predators) since it‟s impoundment 

during the 1910s, and selection pressure by fish predators is currently very weak to almost non-

existent (H. Gillespie, personal observation). Eurycea nana‟s habitat, Spring Lake (Hayes County, 
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Texas), is a much larger lake-like habitat that is host to a large and diverse predatory fish 

community (US Fish & Wildlife Service 1995). Populations of E. nana have not experienced 

isolation from predators in their evolutionary history. Apparent relaxation of predation pressure 

on the Eliza Spring population of E. sosorum may help explain lack of response to olfactory cues 

in this population. This seems to lend support to the risk allocation hypothesis of Lima & 

Bednekoff (1999; recently reviewed by Ferrari et al. 2009), which posits that the degree of anti-

predator behavior should depend on both the level and duration of predation risk. Indeed, the 

rapid loss or weakening of anti-predator behavior in populations that have experienced relaxed 

predation pressure has been observed in several species (Blumstein 2006). Blumstein et al. 

(2004), for example, observed loss of some aspects of anti-predator behavior in wallabies that 

had been isolated from predators for only 130 years. O‟Steen et al. (2002) observed rapid loss 

of escape ability in Trinidadian guppies translocated from high-predation to low-predation risk 

environments. Although it is unclear how many generations it may take for loss or weakening of 

anti-predator behavior in the absence of predators, the Eliza Spring population of E. sosorum has 

been artificially isolated from Barton Creek for over a century (approximately 50 generations 

assuming a generation time of two years; City of Austin, unpublished data). Drift may also play a 

role in shaping current anti-predator responses in this population, as for much of its recent 

history salamander population size at Eliza Spring has been very low (less than 30 individuals; 

Chippindale et al. 1993, City of Austin, unpublished data).  

 A second important ecological difference between Eliza Spring and Spring Lake is that 

the latter features much deeper water (several meters), dense vegetation and much greater 

habitat complexity (US Fish & Wildlife Service 1996) which may have served to increase the 

effectiveness of olfactory cues for predator detection in E. nana. Eliza Spring‟s very shallow 

water (less than 1m) and small size may make it excellent for visual cue transmission, but swift 

multi-directional water flow may reduce effectiveness of olfactory cues for predator detection in 

E. sosorum. To test whether lack of anti-predator behavior to olfactory cues observed in this 

study is ecologically driven, one could repeat this study on E. sosorum from the Parthenia 

population. Parthenia Spring, like Spring Lake, also hosts a large and diverse predatory fish 

community, is also several meters deep and features more vegetation and habitat complexity 

than Eliza Spring. Interestingly, despite Parthenia being much larger in surface area, the density of 

salamanders in Parthenia is currently several orders of magnitude less than that of Eliza Spring 
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(City of Austin, unpublished data). I hypothesize that if ecological pressure is a strong driver of 

anti-predator behavior (either through natural selection or behavioral plasticity), then the 

Parthenia population should be more similar in anti-predator response to E. nana from Spring 

Lake. On the other hand, if genetic constraints are stronger drivers of anti-predator behavior 

than ecological pressure, then the Parthenia population should be more similar to E. sosorum 

from Eliza Spring in anti-predator response to olfactory cues.  

Conservation Implications 

 There is growing concern that conservation plans for endangered species are too often 

plagued by lack of behavioral data, and that species recovery plans that include such information 

lead to increased success (Knight 2001, Sih et al. 2010). Results of this study suggest several 

important implications for conservation management of aquatic species, especially in headwater 

habitats which are critically important to downstream function and diversity (Lowe & Likens 

2005): 

 (1) Guard against non-native predator introductions in headwaters. Predator introductions 

often have stronger effects when native prey have historically lacked predators or have become 

isolated from predators due to anthropogenic activities (Sih et al. 2010). While predation is 

often a very natural form of selection and should not necessarily be avoided by conservation 

practitioners, caution must be encouraged when target species may have lost or reduced anti-

predator behavior due to natural or anthropogenic circumstances. For the Eliza Spring, where 

anthropogenic habitat modifications have further isolated this population of E.sosorum from large 

predators, the introduction of predators could have extremely negative effects. Future plans for 

restoration of Eliza Spring include removing the concrete drain tunnel and re-creating an 

overland stream that a will serve as additional salamander habitat (Limbacher & Godfrey 

Architects 2008). While these plans will certainly benefit this population in some ways – 

improving natural hydrology and creating additional surface habitat – an overland stream could 

also act as a vector for the introduction of predators that have been absent from this site for 

many generations.  

 (2) Provide adequate refuge substrate for benthic prey. Many benthic prey species readily 

take refuge from predators under plants and rocky substrate (Rahel & Stein 1988). Management 

or restoration of aquatic habitat should always include appropriate refuge substrate for prey. 

Beginning in 2003, restoration activities at Eliza Spring have increased the amount of benthic 
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rocky cover and attempted to decrease the amount of sedimentation in the benthos, with the 

goal of keeping spaces between rocks clear for use by salamanders. I recommend that this 

remain a focus for successful restoration and maintenance at all four Barton Springs sites. In 

Parthenia Spring and Sunken Garden Spring, for example, sedimentation and embeddedness are 

significant challenges for restoration, especially with increased development over the recharge 

zone of the aquifer, which can exacerbate sedimentation (US Fish & Wildlife Service 1998).  

 (3) Closely monitor environmental conditions that can affect the sensory modalities by which 

aquatic species detect predators. Changes in water quality can have important effects on the 

sensory environment. Increased turbidity can significantly reduce the role of vision in locating 

predators (Ferrari et al. 2010a) and changes in water flow rates can impact the dissemination of 

olfactory cues. Exposure to pollutants such as herbicides (Mandrillon & Saglio 2007) and acid 

rain (Leduc et al. 2007) can also have negative effects on both foraging and anti-predator 

behavior in aquatic vertebrates. Changes in specific conductance could affect the efficiency at 

which bioelectric cues are transmitted through spring water. For E. sosorum, conservation 

efforts should include plans to prevent and mitigate further deterioration of water quality in the 

Barton Springs segment of the Edwards Aquifer, which is absolutely key to the long-term 

survival of this species and other Texas Eurycea. This may be the most challenging aspect of 

habitat management in any aquatic system, as it requires regional-scale conservation efforts 

across multiple land-use types and jurisdictions. 

 (4) Simulate some natural selection pressures from the wild in captive-breeding populations. 

Animals in captive breeding programs are often protected from forces of selection, and can end 

up lacking skills needed for survival in the wild (Beck 1995, Watters & Meehan 2007). In 

reintroductions of captive-raised animals, mortality due to predation is often a primary cause of 

failure (Griffin et al 2000). Enrichment of captive conditions to produce a more robust captive 

population can involve a variety of activities, including training captively-raised animals to avoid 

non-lethal predator cues (Griffin et al. 2000, Watters & Meehan 2007). While these activities 

can reduce welfare of some individuals in captivity (i.e. increased stress from exposure to 

predator cues), the long-term benefits for the entire captive population are greater 

reintroduction and conservation success (Swaisgood 2010). Ensuring that captive E. sosorum 

possess the necessary traits for survival in the wild should be a part of any successful 

management plan.  
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 In summary, results of this study suggest that visual and bioelectric cues from predators 

may be more important than olfactory cues to E. sosorum. Future experiments should include 

combinations of treatments to determine whether visual, olfactory and bioelectric stimuli act in 

an additive or multiplicative manner to affect anti-predator behavior in E. sosorum. In addition, 

conducting such experiments under different ambient conditions (high vs. low light, turbidity or 

conductivity) could help determine how environmental changes affect the relative use of sensory 

cues for predator detection (Hartman & Abrahams 2000, Leduc et al. 2009). While studies that 

compare responses between closely-related species of neotenic Eurycea may indeed be able to 

address some fascinating questions in evolutionary ecology, it is important that future studies 

also have clear and tangible conservation benefits for these threatened and endangered species. 

Furthermore, because most populations of the Texas Eurycea are quite small (Chippindale et al. 

2000, Hillis et al. 2001), it is important that any such research be conducted only if it does not 

further threaten wild populations. As discussed in Chapter 2, permanent removal of adult 

amphibians from populations of species that have a storage effect life history strategy may have 

serious demographic consequences (Taylor et al. 2006), and many populations of the neotenic 

Texas Eurycea have already experienced severe disturbance from collectors (Sweet 1978). 

Therefore, future experiments that can be conducted on animals already in captivity, conducted 

in-situ the field, conducted on populations with well-understood demographics or that return 

animals to the wild after experiments are recommended. 

 While this is the first study to demonstrate an anti-predator response mediated by only 

bioelectric cues in amphibians, more studies are warranted to explore the importance of 

bioelectric stimuli to behavioral functions in amphibians other than prey recognition (though 

even these have not been extensively studied; Fritzsch & Neary 1997). Future experiments 

should include those that record and play back bioelectric stimuli from multiple sources (e.g. 

potential predators, prey, conspecifics and environmentally-generated fields) and should 

calculate detection tolerances to these stimuli. This would be an excellent opportunity for work 

on species of Texas Eurycea already in captivity. Finally, more studies of sensory and behavioral 

ecology on endangered and threatened species should be incorporated into conservation 

management plans. Too often, critical assumptions about which behavioral cues or 

environmental conditions should be most important to survival of these species are inferred 

from other species (Swaisgood 2007). The relatively weak anti-predator response observed by 
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E. sosorum to olfactory cues in this study, for example, demonstrates that even using information 

from a very closely related species (E. nana) could lead to incorrect assumptions about how E. 

sosorum may respond to predators.  
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Figures 

 
 

Figure 4.1 Aerial view of Eliza Spring and the downstream end of Barton Springs Pool 

(BSP). A concrete dam separates BSP from Barton Creek. Dashed black line represents bypass tunnel 

that diverts water from the upstream reaches of Barton Creek and around BSP, emptying into lower 

Barton Creek. Dotted line represents underground concrete pipe that drains Eliza Spring into the BSP 

bypass tunnel. Inset shows adult Barton Springs Salamander (Eurycea sosorum). High resolution 

orthoimagery courtesy US Geological Survey, salamander photograph by H. Gillespie. 

 



104 

 

 
Figure 4.2 Experimental Tank Design. Eurycea sosorum is depicted under the center tile (light grey 

square) which is removed after acclimation. Gray bars represent solid cardboard blinds. (a) Visual 

treatment: a blind separated the focal tank from the predator tank containing either a largemouth bass 

(Micropterus salmoides) or red crayfish (Procambarus clarkii) during the pre-stimulus period and was 

removed for the post-stimulus period. (b) Bioelectric treatment: paired silver wires were suspended 

above both tanks for the pre-stimulus period and were lowered into the water connecting the focal tank 

to predator tank for the post-stimulus period. The cardboard blind remained in place for the entire 

treatment. (c) Olfactory treatment: plastic tubing from a 50-ml vial hidden behind a cardboard blind was 

attached to the wall of the focal tank before acclimation. The vial containing olfactory stimulus was 

drained into the focal tank through airline tubing at the end of the pre-stimulus period. Salamander and 

crayfish photos by H. Gillespie, bass illustration courtesy Texas Parks & Wildlife Department. 
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Figure 4.3 Eurycea sosorum Activity for Control and Six Predator Treatments. Mean activity 

per salamander ± SE for pre-stimulus and post-stimulus activity. Sample size and p-values from paired t-

test and randomization paired t-tests are given for each treatment. Stars indicate significance at α = 0.05, 

but note bass visual is marginally significant at this level and would not be significant at the Benjamini-

Hochberg α level of 0.014. 
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Appendix A 

Individual Linear Regressions, Correlation Matrixes, and Time-Series Plots Used in 

Multiple Regression Modeling of E. sosorum Population Variability 

 
 Variable (lag) R2 coefficient p 

E
. 
so

so
ru

m
 

ab
u
n
d
an

ce
 

young adult (1) 0.160 -0.19 0.0001 

young adult (2) 0.150 -0.18 0.0002 

young adult (3) 0.090 -0.15 0.004 

young adult (4) 0.058 -0.13 0.02 

young adult (5) 0.057 -0.13 0.02 

adult 0.037 0.15 0.05 

C
lim

at
e
 

Total rainfall (8) 0.195 0.29 0.00004 

Total rainfall (9) 0.072 0.19 0.01 

Rainfall variance (7) 0.255 0.16 0.000002 

Rainfall variance (8) 0.068 0.08 0.01 

Rainfall events (7) 0.081 4.88 0.007 

Rainfall events (8) 0.059 4.26 0.02 

A
b
io

ti
c 

Parthenia dissolved oxygen 0.020 10.3 0.10 

BSP discharge (5) 0.037 0.33 0.05 

Eliza Sediment cover (2) 0.054 0.62 0.02 

Eliza Sediment cover (12) 0.064 0.86 0.02 

B
io

ti
c 

Eliza non-filamentous algae (7) 0.042 -0.58 0.04 

Eliza non-filamentous algae (8) 0.072 -0.74 0.01 

Eliza non-filamentous algae (9) 0.061 -0.69 0.02 

Eliza bryophyte (9) 0.037 6.27 0.05 

Eliza bryophyte (11) 0.038 -6.41 0.05 

 

 

Table A.1 Individual linear regressions of Eliza juvenile time-series of E. sosorum abundance with 

potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Eliza juvenile time-series of E. sosorum abundance 

at α  0.10. Parthenia dissolved oxygen and BSP discharge used as proxies for these two Eliza Spring variables. 
Boldfaced variables indicate terms included in final model presented in Equation 2.1.
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E
. 
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so
ru

m
 

ab
u
n
d
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juvenile 1.00                      

young adult (1) -0.48 1.00                     

young adult (2) -0.46 0.78 1.00                    

young adult (3) -0.37 0.61 0.78 1.00                   

young adult (4) -0.31 0.37 0.62 0.78 1.00                  

young adult (5) -0.31 0.18 0.38 0.61 0.77 1.00                 

adult 0.26 0.01 -0.04 -0.13 -0.18 -0.17 1.00                

C
lim

at
e
 

Total rainfall (8) 0.49 -0.33 -0.37 -0.34 -0.35 -0.28 -0.04 1.00               

Total rainfall (9) 0.33 -0.23 -0.34 -0.38 -0.34 -0.35 0.06 0.06 1.00              

Rainfall variance (7) 0.52 -0.27 -0.27 -0.22 -0.29 -0.22 -0.04 0.80 0.08 1.00             

Rainfall variance (8) 0.29 -0.12 -0.28 -0.27 -0.22 -0.28 0.08 0.14 0.80 0.01 1.00            

Rainfall events (7) 0.34 -0.26 -0.28 -0.29 -0.22 -0.14 0.05 0.61 0.02 0.65 -0.02 1.00           

Rainfall events (8) 0.31 -0.17 -0.27 -0.28 -0.28 -0.22 0.09 0.24 0.61 0.10 0.65 0.14 1.00          

A
b
io

ti
c 

Parthenia dissolved oxygen 0.23 -0.54 -0.60 -0.62 -0.60 -0.54 -0.06 0.37 0.34 0.24 0.22 0.33 0.29 1.00         

BSP discharge (5) 0.28 -0.32 -0.46 -0.54 -0.53 -0.52 -0.11 0.37 0.38 0.29 0.28 0.39 0.37 0.55 1.00        

Eliza Sediment cover (2) 0.39 -0.33 -0.33 -0.21 -0.21 -0.24 0.15 0.29 0.16 0.28 0.02 0.16 0.04 0.23 0.08 1.00       

Eliza Sediment cover (12) 0.32 0.01 0.02 0.01 -0.07 -0.17 0.15 0.21 0.15 0.40 0.07 0.20 0.08 0.05 -0.16 0.35 1.00      

B
io

ti
c 

Eliza non-filamentous algae (7) -0.28 0.34 0.43 0.48 0.45 0.44 -0.04 -0.03 -0.18 0.07 -0.04 -0.14 -0.24 -0.44 -0.54 -0.20 0.14 1.00     

Eliza non-filamentous algae (8) -0.37 0.27 0.36 0.43 0.46 0.42 -0.06 -0.32 -0.03 -0.30 0.08 -0.34 -0.13 -0.30 -0.46 -0.25 -0.20 0.55 1.00    

Eliza non-filamentous algae (9) -0.34 0.11 0.30 0.36 0.41 0.44 -0.13 -0.23 -0.33 -0.29 -0.30 -0.16 -0.34 -0.19 -0.36 -0.21 -0.41 0.39 0.54 1.00   

Eliza bryophyte (9) 0.24 0.13 0.09 0.18 0.16 0.21 0.06 0.18 -0.24 0.35 -0.26 0.21 0.10 -0.21 -0.15 0.07 0.26 0.16 -0.08 -0.09 1.00  

Eliza bryophyte (11) -0.23 0.10 0.22 0.17 0.11 0.20 -0.18 -0.13 -0.10 -0.20 -0.07 -0.21 0.03 -0.17 -0.24 -0.20 0.02 0.12 0.28 0.20 0.05 1.00 

 

Table A.2 Pairwise correlation matrix for candidate modeling variables for Eliza juvenile time-series of E. sosorum abundance. In general, candidate 

variables with pairwise correlations above approximately 0.60 were not included in the same model. Bold entries indicate significant pairwise correlations at α=0.05.
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 Variable (lag) R2 coefficient p 

E
. 
so

so
ru

m
 

ab
u
n
d
an

ce
 

juvenile (4) 0.078 -0.18 0.07 

juvenile (5) 0.051 -0.15 0.02 

juvenile (6) 0.041 -0.14 0.04 

juvenile (7) 0.058 -0.16 0.02 

adult 0.038 0.20 0.04 

C
lim

at
e
 

Total rainfall (9) 0.070 0.24 0.01 

Total rainfall (10) 0.041 0.19 0.01 

Total rainfall (11) 0.051 0.21 0.05 

Rainfall events 0.045 4.73 0.03 

Rainfall events (8) 0.045 4.85 0.04 

Rainfall events (10) 0.036 4.48 0.06 

Rainfall variance (8) 0.061 0.11 0.02 

Rainfall variance (9) 0.058 0.11 0.02 

A
b
io

ti
c BSP discharge (6) 0.028 0.45 0.08 

BSP discharge (7) 0.029 0.05 0.08 

BSP discharge (8) 0.030 0.47 0.07 

B
io

ti
c Eliza non-filamentous algae (8) 0.040 -0.74 0.04 

Eliza non-filamentous algae (11) 0.083 -0.99 0.01 

 

Table A.3 Individual linear regressions of Eliza young adult time-series of E. sosorum abundance with 

potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Eliza young adult time-series of E. sosorum 

abundance at α  0.10. Boldfaced variables indicate terms included in final model presented in Equation 2.2.
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E
. 
so

so
ru

m
 

ab
u
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d
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 Young Adult  1.00                  

Juvenile (4) -0.36 1.00                 

Juvenile (5) -0.29 0.85 1.00                

Juvenile (6) -0.26 0.63 0.86 1.00               

Juvenile (7) -0.33 0.39 0.64 0.86 1.00              

C
lim

at
e
 

Total rainfall (9) 0.34 -0.34 -0.33 -0.32 -0.30 1.00             

Total rainfall (10) 0.25 -0.24 -0.34 -0.33 -0.32 0.06 1.00            

Total rainfall (11) 0.31 -0.15 -0.23 -0.31 -0.30 0.16 0.06 1.00           

Rainfall events 0.20 -0.16 -0.05 -0.02 -0.15 0.09 0.07 -0.03 1.00          

Rainfall events (8) 0.28 -0.26 -0.22 -0.23 -0.21 0.61 0.01 0.09 -0.05 1.00         

Rainfall events (10) 0.30 -0.12 -0.18 -0.23 -0.17 0.12 0.25 0.61 0.03 0.14 1.00        

Rainfall variance (8) 0.31 -0.24 -0.23 -0.25 -0.20 0.81 0.08 0.12 0.03 0.66 0.15 1.00       

Rainfall variance (9) 0.28 -0.16 -0.24 -0.22 -0.25 0.14 0.81 0.07 0.06 -0.02 0.10 0.02 1.00      

A
b
io

ti
c BSP discharge (6) 0.27 -0.30 -0.36 -0.40 -0.42 0.37 0.38 0.40 -0.11 0.39 0.33 0.29 0.28 1.00     

BSP discharge (7) 0.27 -0.18 -0.28 -0.34 -0.36 0.40 0.37 0.37 -0.19 0.41 0.38 0.33 0.29 0.94 1.00    

BSP discharge (8) 0.26 -0.05 -0.17 -0.26 -0.32 0.40 0.40 0.36 -0.26 0.34 0.40 0.30 0.33 0.83 0.94 1.00   

B
io

ti
c Eliza non-filamentous algae cover (8) -0.28 0.43 0.43 0.41 0.34 -0.03 -0.18 -0.29 0.18 -0.13 -0.32 0.09 -0.04 -0.53 -0.53 -0.52 1.00  

Eliza non-filamentous algae cover (11) -0.35 0.12 0.24 0.32 0.39 -0.07 -0.23 -0.31 0.07 -0.06 -0.35 0.04 -0.28 -0.25 -0.33 -0.41 0.41 1.00 

 

Table A.4 Pairwise correlation matrix for candidate modeling variables for Eliza young adult time-series of E. sosorum abundance. In general, 

candidate variables with pairwise correlations above approximately 0.60 were not included in the same model. Bold entries indicate significant pairwise correlations at 

α=0.5
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 Variable (lag) R2 coefficient p 

C
lim

at
e
 Rainfall events 0.023 3.38 0.09 

Rainfall events (4) 0.067 -5.23 0.01 

Rainfall events (6) 0.027 3.74 0.08 

 

 

Table A.5 Individual linear regressions of Eliza adult time-series of E. sosorum abundance with 
potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Eliza adult time-series of E. sosorum abundance at 

α  0.10. Boldfaced variables indicate terms included in final model presented in Equation 2.3.  
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Adult  1.00    

Rainfall events 0.14 1.00   

Rainfall events (4) -0.28 0.09 1.00  

Rainfall events (6) 0.24 0.08 0.19 1.00 

 

Table A.6 Pairwise correlation matrix for candidate modeling variables for the Eliza adult time-series 
of E. sosorum abundance. In general, candidate variables with pairwise correlations above approximately 0.60 were 

not included in the same model. Bold entries indicate significant pairwise correlations at α=0.5. 
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 Variable (lag) R2 coefficient p 

E
. 
so

so
ru

m
 

ab
u
n
d
an

ce
 Adult (3) 0.19 -0.002 0.11 

Young Adult (1) 0.04 -0.0008 0.05 

Young Adult (4) 0.02 -0.0006 0.11 

C
lim

at
e
 

Total rainfall (11) 0.12 0.0006 0.002 

Total rainfall (12) 0.08 -0.0005 0.01 

Rainfall variance (10) 0.23 0.0004 0.00002 

Rainfall variance (11) 0.21 -0.0003 0.00004 

Rainfall variance(12) 0.15 0.0003 0.0007 

Rainfall events (4) 0.02 0.008 0.09 

Rainfall events (10) 0.07 0.012 0.02 

Rainfall events (11) 0.03 -0.009 0.09 

A
b
io

ti
c Sediment Cover (11) 0.06 0.002 0.02 

Sediment Depth 0.02 0.002 0.10 

 

 

Table A.7 Individual linear regressions of the Parthenia juvenile time-series of E. sosorum with 
potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Parthenia juvenile  time-series of E. sosorum at α 

 0.10. Boldfaced variables indicate terms included in final model presented in Equation 2.4.  
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 Juvenile  1.00 

             

Adult (3) -0.18 1.00 
            

Young Adult (1) -0.17 0.73 1.00 
           

Young Adult (4) -0.18 0.72 0.53 1.00 
          

C
lim

at
e
 

Total rainfall (11) 0.36 0.07 0.14 -0.10 1.00 
         

Total rainfall (12) -0.29 0.13 0.41 0.00 0.13 1.00 
        

Rainfall variance (10) 0.49 0.07 0.16 -0.09 0.81 0.12 1.00 
       

Rainfall variance (11) -0.48 0.11 0.44 0.02 0.18 0.81 0.05 1.00 
      

Rainfall variance(12) 0.40 0.02 0.28 0.05 0.06 0.18 0.02 0.04 1.00 
     

Rainfall events (4) 0.20 -0.24 -0.27 -0.20 0.07 -0.04 0.15 -0.16 0.04 1.00 
    

Rainfall events (10) 0.29 0.06 0.15 -0.10 0.65 0.07 0.64 0.04 0.10 0.08 1.00 
   

Rainfall events (11) -0.21 0.20 0.40 0.04 0.27 0.65 0.13 0.64 0.03 -0.10 0.17 1.00 
  

A
b
io

ti
c Sediment Cover (11) 0.28 -0.05 0.03 -0.37 0.27 0.11 0.17 -0.02 0.15 0.16 0.19 0.06 1.00 

 

Sediment Depth 0.19 -0.05 -0.19 -0.11 -0.16 -0.29 -0.11 -0.24 -0.03 0.06 -0.12 -0.30 0.14 1.00 

 

Table A.8 Pairwise correlation matrix for candidate modeling variables for the Parthenia juvenile 
time-series of E. sosorum. In general, candidate variables with pairwise correlations above approximately 0.60 were 

not included in the same model. Bold entries indicate significant pairwise correlations at α=0.05. 
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 Variable (lag) R2 coefficient p 

E
. 
so

so
ru

m
 a

b
u
n
d
an

ce
 Juvenile 0.07 0.001 0.01 

Juvenile (2) 0.07 -0.001 0.01 

Juvenile (4) 0.14 -0.001 0.0004 

Juvenile (6) 0.03 -0.001 0.08 

Adult (4) 0.16 -0.004 0.0002 

Adult (5) 0.04 -0.001 0.05 

Adult (6) 0.03 -0.001 0.09 

C
lim

at
e
 

Total rainfall (11) 0.18 0.0006 0.0001 

Rainfall variance (10) 0.19 0.0003 0.0001 

Rainfall variance (11) 0.05 -0.0002 0.04 

Rainfall variance (12) 0.03 -0.0001 0.10 

Rainfall events (7) 0.04 0.008 0.04 

Rainfall events (10) 0.14 0.013 0.001 

Rainfall Events (12) 0.05 -0.009 0.04 

A
b
io

ti
c 

BSP discharge (4) 0.03 0.0008 0.06 

BSP discharge (5) 0.04 0.0008 0.05 

BSP discharge (6) 0.04 0.0008 0.05 

Sediment Cover (8) 0.04 0.001 0.04 

Sediment Cover (9) 0.07 0.002 0.01 

B
io

ti
c 

Nonfilamentous algae (3) 0.04 -0.001 0.06 

Bryophyte(5) 0.03 -0.002 0.08 

Bryophyte(6) 0.03 -0.002 0.07 

Leaflitter(12) 0.07 0.005 0.02 

 

 

Table A.9 Individual linear regressions of the Parthenia young adult time-series of E. sosorum with 

potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Parthenia young adult  time-series of E. sosorum at 

α  0.10. Boldfaced variables indicate terms included in final model presented in Equation 2.5 and 2.6.
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e
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L
e
af

lit
te

r(
1
2
) 

E
. 
so

so
ru

m
 a

b
u
n
d
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ce
 

Young Adult  1.00 
                       

Juvenile 0.28 1.00 
                      

Juvenile (2) -0.29 0.62 1.00 
                     

Juvenile (4) -0.38 0.29 0.62 1.00 
                    

Juvenile (6) -0.21 0.11 0.28 0.62 1.00 
                   

Adult (4) -0.43 0.27 0.58 0.67 0.48 1.00 
                  

Adult (5) -0.24 0.13 0.39 0.57 0.56 0.83 1.00 
                 

Adult (6) -0.21 -0.01 0.27 0.58 0.67 0.69 0.83 1.00 
                

C
lim

at
e
 

Total rainfall (11) 0.43 0.46 0.11 0.03 -0.11 -0.06 -0.06 -0.14 1.00 
               

Rainfall variance (10) 0.45 0.55 0.06 0.06 -0.07 -0.05 -0.07 -0.13 0.80 1.00 
              

Rainfall variance (11) -0.24 0.09 0.08 0.03 -0.04 0.07 -0.05 -0.07 0.18 0.04 1.00 
             

Rainfall variance (12) -0.20 0.47 0.56 0.04 0.02 0.10 0.07 -0.06 0.04 -0.02 0.04 1.00 
            

Rainfall events (7) 0.22 0.01 -0.10 -0.19 -0.19 -0.16 -0.17 -0.23 0.08 0.01 0.06 0.01 1.00 
           

Rainfall events (10) 0.37 0.42 0.11 0.02 0.03 -0.08 -0.09 -0.17 0.63 0.62 0.03 0.08 0.11 1.00 
          

Rainfall Events (12) -0.25 0.35 0.42 0.11 0.01 0.15 0.02 -0.08 0.13 0.13 0.10 0.61 0.01 0.21 1.00 
         

A
b
io

ti
c 

BSP discharge (4) 0.22 0.12 -0.13 -0.33 -0.41 -0.26 -0.31 -0.37 0.30 0.20 0.16 0.15 0.38 0.26 0.16 1.00 
        

BSP discharge (5) 0.23 0.25 0.01 -0.23 -0.37 -0.17 -0.26 -0.31 0.37 0.24 0.21 0.20 0.41 0.30 0.22 0.95 1.00 
       

BSP discharge (6) 0.22 0.38 0.14 -0.13 -0.31 -0.06 -0.17 -0.26 0.41 0.27 0.25 0.25 0.43 0.33 0.31 0.85 0.95 1.00 
      

Sediment Cover (8) 0.24 -0.11 -0.28 -0.29 -0.23 -0.21 -0.20 -0.12 0.04 -0.04 -0.05 0.02 0.16 0.02 -0.11 0.38 0.39 0.37 1.00 
     

Sediment Cover (9) 0.28 0.06 -0.22 -0.30 -0.25 -0.21 -0.21 -0.18 0.20 0.15 -0.04 -0.02 0.17 0.11 -0.08 0.36 0.38 0.39 0.56 1.00 
    

B
io

ti
c 

Nonfilamentous algae (3) -0.20 0.03 0.17 0.12 0.24 0.29 0.28 0.30 -0.27 -0.19 0.06 0.02 -0.27 -0.27 -0.21 -0.56 -0.56 -0.54 -0.40 -0.40 1.00 
   

Bryophyte(5) -0.17 0.04 0.17 0.29 0.46 0.21 0.19 0.26 -0.06 0.04 0.03 -0.17 -0.11 -0.08 -0.01 -0.39 -0.38 -0.34 -0.44 -0.39 0.29 1.00 
  

Bryophyte(6) -0.23 -0.03 0.17 0.25 0.43 0.15 0.21 0.20 -0.13 -0.06 0.03 0.05 -0.17 -0.10 -0.12 -0.39 -0.42 -0.40 -0.35 -0.42 0.43 0.48 1.00 
 

Leaflitter(12) 0.24 0.30 0.18 0.08 -0.05 -0.12 -0.14 -0.13 0.27 0.28 0.11 0.08 0.30 0.39 0.17 0.21 0.27 0.32 -0.07 -0.04 -0.19 -0.13 0.03 1.00 

Table A.10 Pairwise correlation matrix for candidate modeling variables for the Parthenia young adult time-series of E. sosorum. In general, 

candidate variables with pairwise correlations above 0.60 were not included in the same model. Bold entries indicate significant pairwise correlations at α=0.5
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 Variable (lag) R2 coefficient p 

E
. 
so

so
ru

m
 a

b
u
n
d
an

ce
 

Juvenile 0.03 0.0002 0.07 

Juvenile (3) 0.15 -0.0004 0.0004 

Juvenile (5) 0.03 -0.0002 0.07 

Young Adult (2) 0.11 -0.0003 0.002 

Young Adult (3) 0.13 -0.0003 0.001 

Young Adult (4) 0.08 -0.0002 0.01 

Young Adult (5) 0.05 -0.0002 0.03 

Young Adult (6) 0.03 -0.0001 0.08 

C
lim

at
e
 

Rainfall  total (8) 0.04 0.0001 0.06 

Rainfall total (12) 0.02 0.0001 0.10 

Rainfall variance (7) 0.04 0.00004 0.06 

Rainfall Variance(10) 0.10 0.0001 0.005 

Rainfall Events (7) 0.03 0.002 0.09 

Rainfall Events (8) 0.04 0.002 0.06 

A
b
io

ti
c 

Parthenia Dissolved O2 (3) 0.03 0.007 0.08 

Sediment Cover (9) 0.09 0.001 0.01 

BSP Discharge (2) 0.02 0.0002 0.10 

BSP Discharge (3) 0.03 0.0002 0.07 

BSP Discharge (4) 0.03 0.0002 0.07 

BSP Discharge (6) 0.03 0.0002 0.08 

BSP Discharge (7) 0.02 0.0002 0.10 

Parthenia Turbidity (12) 0.04 0.01 0.06 

Parthenia conductivity (2) 0.03 -0.0002 0.08 

B
io

ti
c Non-filamentous algae (5) 0.04 -0.0003 0.05 

Bryophyte (7) 0.03 -0.0006 0.08 

Leaflitter (10) 0.03 0.001 0.10 

 

 

Table A.11 Individual linear regressions of the Parthenia adult time-series of E. sosorum with 
potential candidate variables for multiple regression modeling. These regressions were used to identify 

candidate variables for building multiple-regression time-series models and include any of the variables described in 

Table 2.1 (lag 0 to 12) that had significant linear relationships with Parthenia adult  time-series of E. sosorum at α  

0.10. Boldfaced variables indicate terms included in final model presented in Equation 2.7.
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Adult  1.00 
                          

Juvenile 0.17 1.00 
                         

Juvenile (3) -0.39 0.33 1.00 
                        

Juvenile (5) -0.21 0.19 0.62 1.00 
                       

Young Adult (2) -0.33 0.60 0.76 0.58 1.00 
                      

Young Adult (3) -0.34 0.41 0.79 0.58 0.80 1.00 
                     

Young Adult (4) -0.30 0.22 0.62 0.76 0.63 0.80 1.00 
                    

Young Adult (5) -0.23 0.11 0.59 0.79 0.53 0.63 0.80 1.00 
                   

Young Adult (6) -0.21 -0.04 0.40 0.62 0.35 0.53 0.64 0.80 1.00 
                  

C
lim

at
e
 

Rainfall  total (8) 0.22 0.03 -0.14 -0.22 -0.17 -0.20 -0.27 -0.24 -0.27 1.00 
                 

Rainfall total (12) 0.19 0.16 0.12 0.02 0.14 0.05 0.00 -0.10 -0.16 0.20 1.00 
                

Rainfall variance (7) 0.22 0.03 -0.10 -0.16 -0.13 -0.15 -0.19 -0.17 -0.19 0.81 0.23 1.00 
               

Rainfall variance(10) 0.34 0.57 0.04 -0.04 0.05 0.02 -0.09 -0.12 -0.14 -0.05 0.12 -0.09 1.00 
              

Rainfall events (7) 0.20 0.02 -0.01 -0.16 -0.11 -0.15 -0.26 -0.20 -0.24 0.67 0.16 0.66 0.03 1.00 
             

Rainfall events (8) 0.23 0.12 -0.11 -0.21 -0.11 -0.11 -0.16 -0.27 -0.21 0.23 0.08 0.10 0.08 0.15 1.00 
            

A
b
io

ti
c 

Parth. Dissolved O2 (3) 0.20 0.02 -0.22 -0.34 -0.18 -0.27 -0.37 -0.43 -0.50 0.33 0.27 0.24 0.20 0.31 0.26 1.00 
           

Sediment Cover (9) 0.33 0.02 -0.31 -0.29 -0.36 -0.36 -0.37 -0.30 -0.27 0.20 0.05 0.22 0.15 0.23 0.18 0.19 1.00 
          

BSP Discharge (2) 0.19 -0.14 -0.39 -0.44 -0.39 -0.45 -0.49 -0.52 -0.55 0.41 0.19 0.28 0.13 0.34 0.30 0.83 0.36 1.00 
         

BSP Discharge (3) 0.21 -0.01 -0.33 -0.42 -0.29 -0.39 -0.45 -0.48 -0.52 0.43 0.24 0.30 0.17 0.37 0.35 0.84 0.34 0.96 1.00 
        

BSP Discharge (4) 0.21 0.12 -0.23 -0.38 -0.19 -0.29 -0.39 -0.45 -0.48 0.41 0.27 0.31 0.21 0.40 0.38 0.79 0.38 0.86 0.95 1.00 
       

BSP Discharge (6) 0.19 0.38 0.01 -0.22 0.07 -0.07 -0.19 -0.30 -0.39 0.43 0.39 0.34 0.29 0.45 0.43 0.60 0.39 0.59 0.73 0.85 1.00 
      

BSP Discharge (7) 0.18 0.48 0.13 -0.12 0.22 0.07 -0.08 -0.20 -0.30 0.41 0.42 0.31 0.30 0.39 0.45 0.49 0.36 0.42 0.58 0.73 0.95 1.00 
     

Parth. Turbidity (12) 0.22 0.11 -0.01 -0.09 0.03 0.00 -0.07 -0.12 -0.16 0.25 0.50 0.32 -0.11 0.27 0.18 0.16 0.19 0.10 0.20 0.26 0.36 0.37 1.00 
    

Parth. conductivity (2) -0.20 -0.02 0.23 0.30 0.24 0.32 0.38 0.42 0.47 -0.30 -0.25 -0.29 -0.23 -0.45 -0.42 -0.72 -0.45 -0.79 -0.77 -0.75 -0.63 -0.53 -0.21 1.00 
   

B
io

ti
c Non-filamentous algae (5) -0.20 -0.12 0.16 0.12 0.07 0.20 0.24 0.23 0.29 -0.23 -0.30 -0.19 -0.19 -0.28 -0.21 -0.54 -0.43 -0.54 -0.55 -0.58 -0.65 -0.63 -0.25 0.65 1.00 

  

Bryophyte (7) -0.23 -0.06 0.17 0.26 0.14 0.23 0.23 0.26 0.37 -0.25 -0.12 -0.23 -0.12 -0.11 -0.17 -0.24 -0.39 -0.33 -0.37 -0.38 -0.40 -0.38 -0.23 0.32 0.23 1.00 
 

Leaf Litter (10) 0.16 0.17 -0.02 -0.03 -0.06 -0.13 -0.13 -0.13 -0.16 0.44 0.19 0.44 0.09 0.42 0.40 0.21 0.11 0.23 0.28 0.33 0.42 0.46 0.17 -0.41 -0.28 -0.07 1.00 

 

Table A.12 Pairwise correlation matrix for candidate modeling variables and the Parthenia adult time-series of E. sosorum. In general, candidate 

variables with pairwise correlations above approximately 0.60 were not included in the same model. Bold entries indicate significant pairwise correlations at α=0.5 
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Figure A.1 Time-series plot of Eliza juvenile and modeling variables from Equation 2.1. Number in 

parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are shifted  the number 

of months indicated). 
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Figure A.2 Time-series plot of Eliza young adult and modeling variables from Equation 2.2. Number in 

parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are shifted the number of 
months indicated). 
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Figure A.3 Time-series plot of Eliza adult and modeling variables from Equation 2.3. Number in 
parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are shifted the number of 

months indicated). 
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Figure A.4 Time-series plot of Partenia juvenile and modeling variables from Equation 2.4. Number in 
parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are shifted the number of 

months indicated). 
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Figure A.5 Time-series plot of Parthenia young adult and modeling variables from Equations 2.5 and 

2.6. Number in parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are 

shifted the number of months indicated).  



 

123 

 
Figure A.6 Time-series plot of Parthenia adult and modeling variables from Equations 2.7 and 2.8. 

Number in parentheses on Y-axis labels is the number of months lag shown for that variable (i.e. values are shifted 

the number of months indicated). 
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