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Abstract

The Jollyville Plateau salamander, Eurycea tonkawae Chippindale, Price, Wiens, and Hillis, inhabits springs
and wet caves of the Jollyville segment of the Edwards Plateau, Texas. The known range of this species is
limited to six stream drainages, and most known localities are at risk of impairment from urban devel-
opment. Our purpose was to gather needed autecological information on E. tonkawae and evaluate factors
that may affect the distribution and abundance of the species. We conducted visual salamander surveys at
nine stream sites across the Jollyville Plateau between December 1996 and December 1998. The survey sites
were classified as undeveloped or developed based on watershed impervious cover estimates. We charac-
terized the habitat for each site, including substrate type, discharge, and water quality. Salamander counts
varied seasonally, but generally were higher during spring and summer. Salamander densities across sites
were positively correlated with rubble and cobble substrate density as preferred cover, and negatively
correlated with the standard deviation of water temperature, as expected for a spring-adapted species. In
addition, we found that mean salamander densities at sites occurring in undeveloped watersheds were
significantly higher than at developed sites, where specific conductance of the water was higher. The results
of this study suggest that while habitat and seasonal factors influence surface salamander densities,
E. tonkawae populations may be most vulnerable to effects associated with urbanization.

Introduction

Urban sprawl has impaired over 50,000 km of
streams and rivers in the United States (USEPA,
2000). Impervious cover in watersheds elevates the
frequency and intensity of storm flows and reduces
baseflow in receiving streams (reviewed in Leopold,
1968; Schueler, 1994: Novotny, 2003) increases
erosion and downcutting of the stream channel

(Arnold et al., 1982; Booth & Jackson, 1997), and
contributes nutrient and toxic pollutant loads (Pitt
et al., 1995; Novotny, 2003). The diversity and
abundance of benthic invertebrates and fishes are
consistently and dramatically lower in urban rela-
tive to non-urban catchment streams (reviewed in
Paul & Meyer, 2001). The threshold of measurable
degradation of stream habitat and loss of biotic
integrity consistently occurs with 6–15% impervi-
ous cover in contributing watersheds (e.g., Klein,
1979; Schueler, 1994; Booth& Jackson, 1997;Wang
et al., 2001; Morse et al., 2003; Roy et al., 2003).

w This work was conducted while B.D. Bowles and R.S

Hansen were employed by the City of Austin Watershed Pro-

tection Department Austin Texas.
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The karst aquifers of the Edwards Plateau, in
central Texas, contribute to thousands of springs
(Brune, 1981) that are home to approximately 90
endemic animal species, including subterranean
and surface-dwelling invertebrates and salaman-
ders, and several species of fish (Bowles & Arsuffi,
1993). The Jollyville Plateau salamander, Eurycea
tonkawae Chippindale, Price, Wiens, and Hillis, a
perennibranchiate member of the family Pletho-
dontidae, is endemic to springs and caves of the
Jollyville segment of the Edwards Plateau. Similar
to other populations of Eurycea, E. tonkawae is
restricted to the vicinity of wet caves, springs, and
spring-dominated surface flows. Several char-
acteristics of these aquatic habitats have been used
to explain the highly localized distribution of
perennibranchiate Eurycea, including temporal
and thermal flow reliability, minimal substrate
siltation and calcium carbonate deposition (Tupa
& Davis, 1976; Sweet, 1982), and the availability
of subsurface refugia and corridors (Dowling,
1956; Rudolph, 1978; Sweet, 1982; Chippindale
et al., 1993; Tumlison & Cline, 1997). Eurycea
salamanders are commonly observed occupying
areas under or near rocks, aquatic plants and
algae, silt, sand, and organic debris (Tupa &
Davis, 1976; Tumlison et al., 1990; Chippindale
et al., 1993).

Available information specific to E. tonkawae is
limited to the systematic description of the species
(Chippindale et al., 2000) and anecdotal observa-

tions. The known range of this species is limited to
six stream drainages, and most known localities
are at risk of impairment from urban development
due to their small, localized recharge areas
(Chippindale et al., 2000). For example, recharge
to springs in Bull Creek, which possesses the
largest populations of E. tonkawae, primarily is
from infiltration of rainwater on the plateau and
runoff captured by local sinkholes (Johns, 1994).
The paucity of ecological and life history infor-
mation is a hindrance to the development of a
watershed management policy that would promote
effective protection of the species and its habitat in
a region subject to urban expansion. The purpose
of this paper is to document the relative abundance
of surface-dwelling populations of E. tonkawae,
identify the existing range of habitat conditions in
which the salamanders occur, and provide a pre-
liminary assessment of factors that may regulate
the abundance and distribution of the species.

Materials and methods

Study sites

We selected six stream sites for salamander surveys
on a monthly or bimonthly basis between
December 1996 and December 1998, and two
additional sites were surveyed quarterly (Table 1).
The selection of sites was based on the consistent

Table 1. Eurycea tonkawae survey sites in Travis County, Texas with estimates of watershed impervious cover

Study Site Survey frequency Location Watershed impervious

cover estimate (%)

Spicewood Spring and Tributary (SP) Monthly or bimonthly 30�21¢46¢¢ N, 97�44¢51¢¢ W 45

Stillhouse Hollow Spring and Tributary (ST) Monthly or bimonthly 30�22¢18¢¢ N, 97�45¢49¢¢ W 22

Barrow Hollow Tributary (BA) Monthly or bimonthly1 30�22¢16¢¢ N, 97�46¢02¢¢ W 27

Long Hog Hollow Tributary (T3) Monthly or bimonthly 30�23¢49¢¢ N, 97�46¢10¢¢ W 16

Tanglewood Spring2 and Tributary (TA) Quarterly 30�25¢50¢¢ N, 97�46¢54¢¢ W 30

Bull Creek Tributary 6 @ Hank’s Tract (T6) Monthly or bimonthly 30�25¢30¢¢ N, 97�48¢51¢¢ W 15

Bull Creek Tributary 5 @ Hank’s Tract3 (T5) Monthly or bimonthly 30�25¢37¢¢ N, 97�49¢04¢¢ W 5

Bull Creek @ Franklin Tract4 (FR) Monthly or bimonthly 30�25¢08¢¢ N, 97�48¢40¢¢ W 3

Wheless Spring and Tributary (WH) Quarterly 30�27¢53¢¢ N, 97�52¢25¢¢ W 0

1Surveys began July 1998.
2Also known as Canyon Vista Spring.
3Also known as Bull Creek Spring.
4Also known as New Bull Creek Spring.
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occurrence of E. tonkawae and available access. No
random or systematic site selection protocol was
attempted due to the limited number of sites
available for study. The Barrow Hollow survey site
(BA) was added late in the project and therefore
was not included in most analyses. All data col-
lection was conducted under approximate baseflow
conditions.

Study sites were classified into two groups
based on watershed impervious cover estimates
(Table 1) grouped here as ‘‘developed’’ (>10%)
and ‘‘undeveloped’’ (<10%) following literature
threshold values cited above. Impervious cover
was estimated from GIS maps of roads and
buildings developed using 1997 aerial photos, and
an additional 46.45 m2 was applied to the imper-
vious cover estimates for each building unit to
account for driveways and sidewalks (City of
Austin, unpubl.). Agricultural activity in these
watersheds is minimal, if present at all, and was
not detected in the GIS analysis of the aerial
photos.

Salamander surveys

We defined the boundaries of the salamander
survey areas by the extent of salamander
occurrence in the stream reach at the first sur-
vey, the practicality of search effort, and repre-
sentativeness of the habitat type. We divided
survey sites into sections based on habitat type:
riffle/run (flowing with gravel/cobble substrate),
pool (deep or shallow with no flow), bedrock
glide (shallow flow with bedrock substrate), or
combinations of these types. A minimum of
three sections was surveyed at each site and the
maximum depth among sections surveyed was
approximately 0.3 m. Individuals were assigned
to one of two relative size classes based on a
visual estimate of total length (tip of snout to tip
of tail): large (>2.5 cm) or small juvenile
(£ 2.5 cm). No consistent attempts were made to
determine sex or verify sexual maturity of indi-
vidual salamanders.

Salamander surveys were conducted at
approximately the same day of the month, when
possible, and between 9 am and 3 pm. Each survey
involved searching the wetted surface of the entire
section, including in and under available cover and
in the top layer of sediment or detritus. We created

stream maps to estimate wetted surface area for
each section. The field and survey procedures
employed in this project were selected to minimize
disturbance to the habitat and avoid direct han-
dling of salamanders. We made no attempt to
search for salamanders in subsurface habitats.
Numbers of sunfish (Lepomis spp.), black bass
(Micropterus spp.) and crayfish (Procambarus sp.)
longer than approximately 5 cm encountered
during salamander surveys were recorded as
potential predators.

Habitat

We recorded habitat observations on the same
dates as the salamander surveys, including a visual
estimate of the percent of the substrate covered by
rocks, algae and plants, leaves, and woody debris.
Rock substrates were classified by size based on a
modified Wentworth scale (Wentworth, 1922).
Percent embeddedness of cobble substrate was a
visual estimate of the percent of the rock surface
surrounded by carbonate deposits, sediment, sand,
or organic detritus. The estimate for each section
represents the average embeddedness value for
5–10 rocks. Substrate items were classified as
bedrock when they were highly embedded in the
substrate and could not be moved with reasonable
effort. We estimated flow, or discharge (m3 s)1),
using a Marsh McBirney Model 2000� portable
velocity meter following the methodology of
Gordon et al. (1992).

On the final sampling date at all sites, we
employed a grid design to select 50–100 points in
each section to record substrate type and size.
Size and type of cover items used by each sala-
mander we encountered also were recorded. We
then calculated standardized selection ratios fol-
lowing Manly et al. (1993). Standardized selec-
tion ratios represent the probability of use of
each cover type by the species based on the
number of cover items used and the number
available, assuming equal availability of all cover
items (Manly et al., 1993).

Water chemistry

We collected surface and spring water samples
monthly from all sites on the same date, with the
exception of WH where water samples were
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collected on the same day as each salamander
survey. Water temperature (�C), pH, conductivity
(lS cm)1) and dissolved oxygen concentration
(mg l)1) were taken at each site with a calibrated
Hydrolab� (Hydrolab, Austin, TX, USA). Sam-
ples from springs were collected from flowing
water as close to the rock orifice as possible.
Preservation and chemical analysis methods fol-
lowed protocols in United States Environmental
Protection Agency (1983). Water temperature (�C)
also was measured in each section during each
survey.

Statistical analysis

We conducted statistical analyses using SYSTAT
10 statistical software (vers. 1.0.0.1) or according
to Zar (1984). Analyses were evaluated at 95%
confidence and conducted using the section
means or site means for each parameter as
independent replicates. The section mean for
each parameter was calculated by averaging all
data collected for that parameter in the section
over the 2 year study. Similarly, the site mean
for a single parameter was calculated by aver-
aging the site data for that parameter over the
2 year period.

To investigate potential habitat preferences by
salamanders, we compared the section mean sala-
mander densities among habitat groups: riffle/run
(n = 11), pool (n = 11), and bedrock glide
(n = 6) using Kruskal–Wallis non-parametric
analysis of variance. Spring pools and sections that
contained a combination of habitat types were not
included in this analysis.

We used Spearman rank correlation analysis to
test the significance of relationships of salamander
counts or densities (per m2 wetted area) versus
crayfish counts, substrate cover estimates, sub-
strate embeddedness estimates, water temperature,
and flow rates. The sequential Bonferroni proce-
dure described by Rice (1989) was used to assess
the significance of the p-values at a table-wide
significance level of 0.05.

We conducted t-test two-sample mean com-
parisons on the site means of salamander densi-
ties and selected habitat and water chemistry
parameters to determine significant differences
between the impervious cover groups. Correlation

analysis was rejected for these comparisons
because the relationships were nonlinear (Allan,
2004).

Results

Salamander counts

Numbers of E. tonkawae we observed at the surface
were highly variable among the study sites during
the 2 year study (Table 2), primarily due to seasonal
fluctuations observed in counts (Fig. 1), and were
highest during the spring and summer months. In
particular, the number of small juvenile salaman-
ders relative to the total number of salamanders was
distinctly higher from March to August in both
years (Fig. 1). This pattern was apparent at all sites
when viewed individually and in the two sites
monitored quarterly (not shown), except where low
flows reduced wetted surface area during the sum-
mer months. We never observed salamander eggs
during the course of this study, but occasionally
encountered gravid females (based on observation
of eggs through the abdominal wall). Gravid
females generally were observed from November
through February, however no consistent effort was
made to inspect individuals for eggs.

Habitat

Mean salamander densities were significantly
higher in riffles/runs and pools than in bedrock
glides (H = 9.9, p < 0.01), and mean salamander
numbers were positively correlated to the esti-
mated mean area of rubble and cobble by section
(Table 3). The standardized selection ratios from
the fall/winter 1998 surveys indicate a preference
by large E. tonkawae for larger rock substrates as
cover (Fig. 2). We observed few salamanders
under leaves or vegetation relative to the amount
of those items available. On the contrary, we
found that the probabilities of use of rubble,
cobble, and boulder substrates were higher and
progressively increased with rock size. The use of
leaves as cover may have been minimally under-
estimated due to the difficulty of locating sala-
manders in large leaf packs. Additionally, we
could not calculate standardized selection ratios
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for small juvenile salamanders because of the low
number of individuals observed in the fall/winter
1998 survey (n = 2). However, we commonly
observed small juvenile salamanders in shallow
areas ( £ 5 cm) near the bank under rubble, small
cobble, vegetation, and woody debris over the
course of the study.

We did not detect any relationships between
salamander densities and embeddedness estimates
(Table 3). Rocks were primarily embedded in
loose organic detritus or sand and this did not
adversely affect salamander presence. Addition-
ally, small substrate particles were rare in glide
habitats, which also possessed relatively lower
salamander densities.

The maximum and minimum temperatures
recorded during this study were 32.0 �C and

p y

Figure 1. Total Eurycea tonkawae counts by size class, mean flow and total wetted area at six sites surveyed between December 1996

and December 1998. The data include sites surveyed at least bimonthly and a mean was used if a site was surveyed both months.

Table 3. Results of the Spearman rank correlation analysis of Eurycea tonkawae counts or densities versus selected habitat and water

quality variables. All variables are the computed means over the period of the study

Dependent variable Independent variable Analysis scale N rs p Significant?*

No. of salamanders Rubble + cobble (m2) Section 37 0.74 <0.001 Y

No. of salamanders no. of crayfish Section 37 )0.008 >0.1 N

No. of salamanders/m2 % embeddedness Section 37 0.17 >0.1 N

No. of salamanders/m2 Mean temperature (�C) Section 37 )0.35 <0.05 N

SD of temperature )0.45 <0.01 Y

No. of salamanders/m2 Flow (m3 s)1) Site 8 )0.071 >0.1 N

* Significance of p was determined following Rice (1989).

Figure 2. Standardized selection ratios (b) (Manly et al., 1993)

representing probability of use by large Eurycea tonkawae for

available substrate types.
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10.6 �C (Table 2). Mean salamander densities
were negatively associated with standard deviation
in water temperature across sections (Table 3),
indicating that salamander densities were lowest in
sections that were least influenced by springflow.

Baseflow (discharge) rates at the study sites
ranged from 0 to 0.238 m3 s)1 (Table 2). Our
data suggest that mean salamander densities were
not linearly related to mean discharge across sites
(Table 3). Rather, we observed that baseflow at
these sites affected salamander numbers to the
extent that low flows reduced wetted surface area
(Fig. 1) or high flows created inhospitable cur-
rents in riffles and bedrock glides. For example,
when flow rates were high at FR, salamanders
were conspicuously absent from riffles with high
water velocity. The high water velocity may have
scoured available cover and exceeded the capacity
of individual salamanders to maintain position in
the channel. We were unable to determine if
individual salamanders were flushed downstream
or retreated to subsurface refugia (e.g., Rudolph,
1978).

Potential predators

We found no significant relationships between
salamander abundance and crayfish abundance
within or among sites (Table 3). Moreover, we
noted few negative interactions between sala-
manders and crayfish and no increased incidence
of missing tails in the presence of crayfish (e.g.,
Tumlison et al., 1990). In a single instance, we
observed a crayfish actively feeding on a
salamander held in its cheliped. However, this
occurred at the Spicewood site on the same date
that other salamanders were observed dead or
moribund (cause unknown), suggesting that the
crayfish was likely a scavenger and not a
predator.

We rarely observed fish in the study areas over
the course of the study; consequently no com-
parison to salamander numbers across sections
was conducted. Although direct predation of
centrarchid fish on Eurycea salamanders has been
observed (Tupa & Davis, 1976; Nelson, 1993;
R. Hansen, personal observation), E. tynerensis
apparently reduces fish predation rates relative to
other species by retreating into gravel substrate

(Rudolph, 1978). We noted that Jollyville Plateau
salamanders frequently retreated into the substrate
after cover was removed by the surveyors,
suggesting they also posses this anti-predation
behavior.

Developed vs. undeveloped tributaries

Mean salamander densities were significantly
lower in the developed tributaries relative to the
undeveloped tributaries (Fig. 3). Our estimates of
rubble and cobble substrate, baseflow (discharge)
rates and % embeddedness were slightly higher in
undeveloped sites, while mean temperature and
SD of temperature were lower. However, none of
the parameters were significantly different between
the impervious cover groupings (Table 4). Three
of the developed sites had a relatively higher pro-
portion of bedrock substrate compared to the
other sites. The results of the habitat comparisons
suggest that this may have contributed to lower
densities at those sites.

Mean water specific conductance (lS cm)1)
was higher in developed tributaries (Fig. 3) due to
increased concentrations of chloride, magnesium,
nitrate-nitrogen, potassium, sodium, and sulfate
that were present at these sites. Most notably, SH
averaged 5.5 mg l)1 nitrate-nitrogen (with a max-

Figure 3. Box and whisker plots of Eurycea tonkawae densities

and water specific conductance at the undeveloped (n = 3) and

developed (n = 5) sites. The boxes represent the mean ± SE.

The data point and the whiskers represent the mean and the

range, respectively.
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imum measurement of 8.0 mg l)1) (Table 2).
Because we recorded dissolved oxygen levels at
different times of day across sites these values are
not directly comparable. Mean pH values were
similar between developed and undeveloped trib-
utaries (Table 2).

Discussion

Basic natural history information is necessary to
effectively gauge anthropogenic impacts on popu-
lations. Unfortunately, such information is
frequently lacking or woefully inadequate, partic-
ularly for rare species. Our goals in this study were
to fill gaps in knowledge of the autecology of
Eurycea tonkawae and begin to evaluate the
impacts of urban development on populations of
the species.

Surface abundances of E. tonkawae at these
sites were higher in the spring and summer months
and were not dependent on stream flow rates.
While the increase of small juveniles observed
during the same time period superficially indicates
a seasonal reproduction pattern, the ability of
E. tonkawae to enter subterranean habitats pres-
ently precludes drawing conclusions about sea-
sonal reproduction and survival in these study
populations, as well as population size.

We found E. tonkawae habitats generally
characterized by well-oxygenated water and
proximity to springs and seeps, as indicated by the
relationship between salamander densities and
standard deviation of water temperature. The
reliance of perennibranchiate Eurycea salamanders
on springhead habitats (Sweet, 1982) potentially is
due to a minimal capacity for metabolic compen-

sation below the ambient springflow temperature
range (McAllister & Fitzpatrick, 1989).

We found a strong relationship between avail-
able rock cover and densities of E. tonkawae. This
is consistent with similar studies on other aquatic
salamanders (Davic & Orr, 1987; Parker, 1991;
Welsh & Ollivier, 1998; Smith & Grossman, 2003)
and explains the relatively low salamander
densities in bedrock glides. Additionally, we found
that embeddedness of rock substrates did not
affect salamander density, likely due to the loose
nature of the interstitial particles. Tumlison et al.
(1990) noted that Eurycea tynerensis densities were
highest at sites where embeddedness was near 50%
of rock bottom surface, and he hypothesized that
the small particles provided spaces for foraging
and cover.

Predation risk to populations of E. tonkawae
at the surface appears to be minimal. We found
no sound evidence to suspect crayfish are pre-
dators to the salamanders. While anecdotal
evidence shows sunfish and black bass are pre-
dators, these fish occurred rarely in the sala-
mander habitats.

The impervious cover site groups identified in
this study were well-differentiated into those hav-
ing high salamander densities and low specific
conductance (undeveloped), or relatively lower
salamander densities and high specific conduc-
tance measurements (developed). This likely indi-
cates a mutual response to impacts associated with
urbanization. Increased levels of ions in surface
water associated with urbanization in Bull Creek
and nearby Barton Creek were attributed to
wastewater line leaks, roadway runoff, and land
use practices such as fertilizer application and
irrigation (Johns, 1994; Johns & Pope, 1998).

Table 4. Results of the t-test comparisons of mean salamander densities and selected habitat and water quality variables (±1 SE) at

Eurycea tonkawae sites in undeveloped versus developed watersheds

Parameter Undeveloped (n = 3) Developed (n=5) t p

No. of salamanders m)2 0.93 ± 0.27 0.26 ± 0.04 3.34 0.016

Rubble + cobble (m2) 15.5 ± 4.2 9.3 ± 1.6 1.69 0.141

Flow (m3 s)1) 0.029 ± 0.017 0.013 ± 0.007 1.03 0.341

Specific conductance (lS cm)1) 593 ± 19 917 ± 38 )6.18 0.001

Mean water temperature (�C) 19.2 ± 0.3 20.3 ± 0.5 )1.48 0.190

SD of water temperature 2.7 ± 0.3 3.4 ± 0.5 )0.88 0.412

% Embeddedness 17 ± 1 13 ± 2 1.64 0.151
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Pollutants expected with these sources include
toxic hydrocarbons and heavy metals (Novotny,
2003). In addition, the high current velocities
associated with elevated discharge in urban
watersheds during storm events results in increased
instability of substrates (Booth & Jackson, 1997)
thereby dislodging and removing cover for sala-
manders (Orser & Shure, 1972) and potentially
exceeding their ability to maintain position in the
channel. Other impacts to the populations of
E. tonkawae we observed at the developed sites in
the course of this study further highlight their
vulnerability to human activities. Among these are
dead salamanders evidently crushed under rocks,
and discharges of chlorinated pool water into
salamander habitats. Several salamanders were
found dead or moribund during the October 1998
survey at SP, but the cause is unknown. In addi-
tion, we observed salamanders with spinal scoliosis
at ST over the course of the study. We do not
know the cause of this deformity, and it merits
further investigation to determine if it is a
naturally-occurring phenomenon or a product of
anthropogenic disturbance (Ryan, 1998).

Amphibians are sensitive indicators of envi-
ronmental degradation (Barinaga, 1990) and prior
research has shown a reduction of salamander
densities associated with urban impacts to streams
(Orser & Shure, 1972; Willson & Dorcas, 2003).
Reduction in habitat quality, due to changes in the
natural flow regime and degradation of ground
and surface water quality, may be the largest
threats from urbanization facing these populations
and must be considered in future conservation
efforts.

Acknowledgements

This work was funded by the City of Austin,
Texas Watershed Protection Department and is
the product of hard work and diligence of many
City of Austin staff members too numerous to
cite in entirety. However, we would like to spe-
cifically recognize the extensive contributions of
DeeAnn Chamberlain, Ed Peacock, David Johns,
Martha Turner, and Chris Herrington. The
Aquatic Biological Assessment Team members
(R. Cole, V. Hutchison, L. Roesner, M. Schramm
and J. Yelderman, Jr.) were instrumental in pro-

viding the framework for the study design. We
would also like to thank the Lower Colorado
River Authority, A. and D. Spencer and the
Great Hills Golf Course for access to salamander
sites on their properties. Andrew Price, David
Bowles and two anonymous reviewers provided
valuable guidance and reviewed earlier versions
of this paper.

References

Allan, J. D., 2004. Landscapes and riverscapes: The influence of

land use on stream ecosystems. Annual Review of Ecology

Evolution and Systematics 35: 257–284.

Arnold, C. L., P. J. Boison & P. C. Patton, 1982. Sawmill

Brook: An example of rapid geomorphic change related to

urbanization. Journal of Geology 90: 155–166.

Barinaga, M., 1990. Where have all the froggies gone? Science

247: 1033–1044.

Booth, D. B. & C. R. Jackson, 1997. Urbanization of aquatic

systems: degradation thresholds, stormwater detection, and

the limits of mitigation. Journal of the American Water

Resources Association 33: 1077–1090.

Bowles, D. E. & T. L. Arsuffi, 1993. Karst aquatic ecosystems

of the Edwards Plateau region of central Texas, USA: A

consideration of their importance, threats to their existence,

and efforts for their conservation. Aquatic Conservation:

Freshwater and Marine Ecosystems 3: 317–329.

Brune, G., 1981. Springs of Texas, Vol. 1. Branch-Smith, Fort

Worth, Texas.

Chippindale, P. T., A. H. Price & D. M. Hillis, 1993. A new

species of perennibranchiate salamander (Eurycea: Pletho-

dontidae) from Austin, Texas. Herpetologica 49: 248–259.

Chippindale, P. T., A. H. Price, J. J. Wiens & D. M. Hillis,

2000. Phylogenetic relationships and systematic revision of

Central Texas hemidactyliine plethodontid salamanders.

Herpetological Monographs 14: 1–80.

Davic, R. D. & L. P. Orr, 1987. The relationship between rock

density and salamander density in a mountain stream.

Herpetologica 43: 357–361.

Dowling, H. G., 1956. Geographic relations of Ozarkian

amphibians and reptiles. SouthwesternNaturalist 1: 174–189.

Gordon, N. D., T. A. McMahon & B. L. Finlayson, 1992.

Stream Hydrology: An Introduction for Ecologists. John

Wiley and Sons, Inc., New York.

Johns D. A., 1994. Groundwater quality in the Bull Creek Basin,

Austin, Texas. In Johns, D. A. & C. M. Woodruff, Jr. (eds),

Edwards Aquifer-Water Quality and Land Development in

the Austin Area, Texas. Gulf Coast Assoc. Geol. Soc. 44th

AnnualConventionFieldTripGuidebook,AustinTX, 18–36.

Johns, D. A. & S. R. Pope, 1998. Urban impacts on the

chemistry of shallow groundwater: Barton Creek watershed,

Austin, Texas. Gulf Coast Association of Geological Socie-

ties Transactions 48: 129–138.

Klein, R. D., 1979. Urbanization and stream quality impair-

ment. Water Resources Bulletin 15: 948–963.

119



Leopold, L. B., 1968. Hydrology for Urban Land Planning: A

Guidebook on the Hydrologic Effects of Land Use. Geo-

logical Survey Circular 554. US Geological Survey,

Washington, DC.

Manly,B.F. J., L.L.McDonald&D.L.Thomas, 1993.Resource

Selection by Animals. Chapman and Hall, New York.

McAllister, C. T. & L. C. Fitzpatrick, 1989. The effect of thermal

acclimation on oxygen consumption in the salamander,

Eurycea neotenes. Journal of Herpetology 23: 439–442.

Morse, C. C., A. D. Huryn & C. Cronan, 2003. Impervious

surface area as a predictor of the effects of urbanization on

stream insect communities in Maine, USA Environmental

Monitoring and Assessment 89: 95–127.

Nelson J. M., 1993. Population size, distribution, and life his-

tory of Eurycea nana in the San Marcos River. M.S. thesis,

Southwest Texas State University, San Marcos, TX.

Novotny, V., 2003. Water Quality: Diffuse Pollution and

Watershed Management. John Wiley and Sons, Inc., New

York.

Orser, P. N. & D. J. Shure, 1972. Effects of urbanization on the

salamander Desmognathus fuscus fuscus. Ecology 53: 1148–

1154.

Parker, M. S., 1991. Relationship between cover availability

and larval pacific giant salamander density. Journal of

Herpetology 25: 355–357.

Paul, M. J. & J. L. Meyer, 2001. Streams in the urban landscape.

Annual Review of Ecology and Systematics 32: 333–365.

Pitt, R., R. Field, M. Lalor & M. Brown, 1995. Urban storm-

water toxic pollutants: assessment, sources, and treatability.

Water Environment Research 67: 260–275.

Rice, W. R., 1989. Analyzing tables of statistical tests. Evolu-

tion 43: 223–225.

Roy, A. H., A. D. Rosemond, M. J. Paul, D. S. Leigh &

J. B. Wallace, 2003. Stream macroinvertebrate response to

catchment urbanization (Georgia, USA). Freshwater

Biology 48: 329–346.

Rudolph, D. C., 1978. Aspects of the larval ecology of five

plethodontid salamanders of the western Ozarks. American

Midland Naturalist 100: 141–159.

Ryan, T. J., 1998. Eurycea junaluska (Junaluska Salamander)

Morphology. Herpetological Review 29: 163.

Schueler, T. R., 1994. The importance of imperviousness.

Watershed Protection Techniques 1: 100–111.

Smith, S. & G. D. Grossman, 2003. Stream microhabitat

use by larval Southern Two-lined salamanders (Eurycea

cirrigera) in the Georgia Piedmont. Copeia 2003: 531–

543.

Sweet, S. S., 1982. A distributional analysis of epigean popu-

lations of Eurycea neotenes in central Texas, with comments

on the origin of troglobitic populations. Herpetologica 38:

430–444.

Tumlison, R. & G. R. Cline, 1997. Further notes on the

habitat of the Oklahoma salamander, Eurycea tynerensis.

Proceedings of the Oklahoma Academy of Sciences 77:

103–106.

Tumlison, R., G. R. Cline & P. Zwank, 1990. Surface habitat

associations of the Oklahoma salamander (Eurycea tyner-

ensis). Herpetologica 46: 169–175.

Tupa, D. D. & W. K. Davis, 1976. Population dynamics of the

San Marcos salamander, Eurycea nana Bishop. Texas

Journal of Science 27: 179–195.

United States Environmental Protection Agency, 2000.

National water quality inventory: 2000 report.

EPA#841R02001, Washington, DC.

United States Environmental Protection Agency, 1983. Meth-

ods for chemical analysis of water and wastes, third edition.

EPA-600/4-79-020, Washington, DC.

Wang, L., J. Lyons, P. Kanehl & R. Bannerman, 2001. Im-

pacts of urbanization on stream habitat and fish across

multiple spatial scales. Environmental Management 28:

255–266.

Welsh, H. H. Jr. & L. M. Ollivier, 1998. Stream amphibians as

indicators of ecosystem stress: A case study from California’s

redwoods. Ecological Applications 8: 1118–1132.

Wentworth, C. K., 1922. A scale and class terms for clastic

sediments. Journal of Geology 30: 377–392.

Willson, J. D. & M. E. Dorcas, 2003. Effects of habitat dis-

turbance on stream salamanders: Implications for buffer

zones and watershed management. Conservation Biology 17:

763–771.

Zar, J. H., 1984. Biostatistical Analysis. Prentice-Hall Inc.,

Englewood Cliffs, NJ.

120






