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Abstract

Eurycea sosorum and Eurycea waterlooensis are federally recognized as imperiled; E. sosorum
is listed as endangered; E. waterlooensis is a candidate for endangered status. Both are
perennibranchiate salamander species endemic to the habitats within and beneath a cluster of
springs along the Balcones Fault Zone with the Barton Springs segment of the Edwards Aquifer,
collectively known as Barton Springs. Threats to these species include habitat loss and
fragmentation due to modification of natural flow regimes of these springs (e.g., dams,
impoundment) for commercial and recreational uses. Additionally, increasing withdrawal of
groundwater from this segment of the Edwards Aquifer threatens the quantity and quality of
water emanating from Barton Springs. Evaluating effects of anthropogenic threats on these
salamanders requires an understanding of the relationship between habitat variation arising from
threats and salamander abundance. In this paper, I use salamander census and surface habitat
composition data collected over the past 8 — 17 years to examine variation in salamander
abundance in surface habitat within and among springs sites. I specifically focus on
relationships of abundance with habitat characteristics related to flow regime modification and
drought. Abundance of E. sosorum and E. waterlooensis varied within and among spring sites,
as did habitat characteristics. There were more salamanders during periods when discharge from
the Barton Springs complex exceeded 25 ft.*/sec. and in sites with the least flow regime
modification. Eurycea sosorum is found in significantly higher abundances, with increased
reproduction and recruitment, in sites with habitat consisting of clean, rocky substrate in flowing
water (mean 0.57 ft./sec.), with low sediment depth (< 0.7 in.) and cover. Abundance of
subterranean E. waterlooensis in surface habitats is low, but is positively correlated with
abundance of E. sosorum, suggesting general similarity of surface habitat requirements. Periods
of drought (< 25 ft.%/sec.) are accompanied by decreases in flow velocity, but also biologically
significant decreases in dissolved oxygen and increases in water temperature. Eurycea sosorum
experiences steep reductions in abundance and curtailment of reproduction and recruitment; E.
waterlooensis largely disappears from surface habitat. Flow regime alteration and groundwater
withdrawal magnify the severity of droughts that threaten both species, continued efforts to fully
restore natural flow regimes could potentially help mitigate detrimental effects of drought.
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Introduction

Eurycea sosorum and Eurycea waterlooensis are perennibranchiate salamander species whose
known habitats are within and beneath a cluster of springs along the Balcones Fault of the Edwards
Aquifer, collectively known as Barton Springs (Sweet 1982, Chippindale et al. 1993, Hillis et al. 2001).
Both species are federally recognized as imperiled; E. sosorum is listed as endangered (U.S. Dept. of the
Interior 1997); E. waterlooensis is a candidate for endangered status (U.S. Dept. of the Interior 2002).
Typically, endangered species have small population sizes or small ranges (Munton 1987, Mace and
Kunin 1994, Mace and Kershaw 1997, Manne et al. 1999, Abrams 2002), both of which are true for
Barton Springs’ Eurycea. Maximum observed abundances are small enough (1900 for E. sosorum and 43
for E. waterlooensis) for both species to be considered at risk of extinction by several rules-of-thumb
(Muller 1950, Bell 1983, Lynch and Gabriel 1990, Lynch 1996, Maynard Smith 1998). Eurycea sosorum
and E. waterlooensis also have very small ranges (Chippindale et al. 1993, Hillis et al. 2001); the four
springs in which they are found are located within 1200 feet (350 meters) of one another, adjacent to or
within Barton Creek, in Zilker Park, Austin, Texas (Fig. 1). The species are sympatric (Chippindale et al.
1993, Hillis et al. 2001) in that they occupy the same cluster of springs, and are syntopic in that their
ranges can overlap within spring sites. This partial segregation among epigean and subterranean habitat
within spring sites has been documented in other Edwards Aquifer Eurycea (Sweet 1984: E. tridentifera
and “E. neotenes” sensu lato/ E. latitans of Chippindale et al. 2000; Bishop 1941, Russell 1976, Longley
1978, Chippindale 1995: E. nana and E. rathbuni). Epigean E. sosorum is found in abundance in surface
habitat and utilizes subterranean habitat for reproduction and retreat (Chippindale et al. 1993, Hillis et
al. 2001, City of Austin 2010), while subterranean E. waterlooensis is rarely found at the surface, and
when found, in very small numbers (Hillis et al. 2001, City of Austin 2010). Each species has
morphological characteristics reflecting adaptation to either epigean (image-forming lenses in the eye of
E. sosorum, Chippindale et al. 1993) or subterranean habitat (lack of eyes in subterranean E.
waterlooensis, Hillis et al. 2001). Eurycea found in Barton Springs have been recognized for decades as
distinct from perennibranchiate E. nana found 30 miles to south (Bryce and Flury specimens collected in
1946, Sweet 1982, Chippindale et al. 2000, Hillis et al. 2001, Bendik 2006).

Thus, the entire ranges of both species lies within a city with a rapidly growing human
population (790,390 U.S. Census data 2011), leading to increasing urban development of the Edwards
Aquifer and consequent degradation in quality and quantity of groundwater feeding Barton Springs
(citations). In addition, Barton Springs has been used for site of commercial and recreational purposes
since the 19™ century (Pipkin 1995, reviewed in Limbacher and Godfrey 2007, Austin History Center
archive photographs). The springs have been modified to facilitate those uses, resulting in loss and
fragmentation of habitat. While these factors have been recognized as major threats to the persistence
of both species, (U.S. Fish and Wildlife Service 1997, 2001), an complete understanding of how these
threats affect Barton Springs’ Eurycea is hampered by lack of scientific information on natural history of
both species. Strategies for protection and management of these species have been based on
inferences drawn from other Eurycea species.

All Eurycea species are members of Plethodontidae, an evolutionary clade of lungless brook
salamanders. All of the species of brook salamanders (~240) are associated with streams and
surrounding riparian habitats (Petranka 1998). Most Eurycea have biphasic life cycles where aquatic
juveniles metamorphose into semi-aquatic or terrestrial adults (Duellman and Trueb 1994; Petranka
1998), utilizing aquatic habitat for at least some portion of their life. This is in contrast with several
other closely related salamander groups that inhabit ponds, swamps, sloughs, and lakes (Fig. 2).

The Edwards Aquifer of the Edwards Plateau region of central Texas contains a monophyletic
group (Paedomolge, Hillis et al. 2001) of solely aquatic, perennibranchiate (“always gilled”) Eurycea
species (Chippindale et al. 2000). There are numerous intermittent and perennial springs throughout
the Edwards Aquifer that harbor endemic epigean and subterranean Eurycea species (Sweet 1978;
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Chippindale et al. 1993; Chippindale et al. 2000; Hillis et al. 2001; Bendik 2006). Since the regional
climate is generally arid, these springs and spring-fed streams are the only sites where presence of
flowing water is reliable. Barton Springs is one cluster of the few perennial springs in the Edwards
Aquifer (Brune 1975, 1981).

Edwards Aquifer spring-fed surface streams ebb and flow with climatically driven variation in
amount and distribution of recharge to ground waters (Brune 1981). Thus, resident perennibranchiate
Eurycea experience natural contractions and expansions of surface habitat (Sweet 1982, Hubbs 1995),
and occasional inundation by floods. These conditions are thought to have favored the evolutionary loss
of metamorphosis and consequent dependence on epigean and/or subterranean spring-fed streams
throughout the life span of central Texas Eurycea (Bruce 1976, Sweet 1977, 1982; Chippindale et al.
2000). Natural variation in amount of water flowing into the surface of springs is thought to play a role
in the evolution of life histories of Edwards Aquifer Eurycea species (Bruce 1976, Sweet 1982). Reliable
patterns of flow variation may provide signals of impending habitat contractions and expansions, and
could influence a variety of characteristics in perennibranchiate and metamorphic Eurycea species, from
timing of reproduction to movement between epigean and subterranean habitat (Levins 1968, Schmidt-
Nielsen 1975, Sweet 1982, Pianka 1983, Tumlison and Cline 1997, Bonett and Chippindale 2006).

Existing knowledge of life history, and evolutionary ecology of Barton Springs’ Eurycea is limited;
much of information about life history and behavior comes from salamanders in captivity and two
experiments conducted by Gillespie (2011) on wild-caught salamanders. Gillespie's work (2011)
included examination of sensory modalities of response to potential predators and temporal variation in
diet. She demonstrated that wild-caught E. sosorum reduce activity in response to visual and bioelectric
cues of predatory largemouth bass (Micropterus salmoides) and red crayfish (Procambarus clarkii), but
did not respond to olfactory cues. Gillespie (2011) also expanded the suite of known prey items of E.
sosorum (predominantly Hyalella azteca amphipods, chironomid larvae, ostracods and isopods; Bogart
1967, Chippindale et al. 1993, Chamberlain and O'Donnell 2001) to include planarians (Dugesia sp.) and
mayfly larvae (Baetidae). This study also showed that planarians form the largest proportion of the diet
of wild E. sosorum, followed by amphipods and chironomid larvae, but diet varies temporally with
relative abundances of potential prey items. Data collected from captive populations of both species
maintained by the City of Austin have identified courtship behavior, size at sexual maturity, duration of
embryonic development and juvenile growth, fecundity, and life span (Chamberlain and O’Donnell
2001). Captive E. sosorum engage in courtship that includes the tail-straddling walk, chin rubbing, and
chin slapping (Chamberlain and O’Donnell 2001), as described by Arnold (1977) for other plethodontids.
Median fecundity of captive E. sosorum females is ~ 20 eggs, with hatching success of ~ 40%, which is
similar to captive E. nana (Navar et al. 2007). Eggs are a few millimeters in diameter and deposited
singly on substrate to which they adhere, which is also seen in other Eurycea species (Duellman and
Trueb 1986, Nelson 1993). In captivity, such substrate is mostly moss and plastic plants, although rocks
are not available in every aquarium. All eggs of captive Barton Springs' Eurycea were deposited in
flowing water because all aquaria have some degree of constant water flow (D. Chamberlain personal
communication). Many other Eurycea species also deposit eggs in flowing water (Fries 2002, Petranka
1998), which presumably maximizes diffusion of oxygen through the egg capsules (citation). Less than
10 eggs have been seen in the wild. Those found in surface habitat were loose in leaf litter, moss, or on
exposed substrate, and they did not have developing embryos (City of Austin staff personal
observations). The rarity of eggs in surface habitats suggests egg deposition occurs predominantly
underground, which is consistent with other perennibranchiate Eurycea (Nelson 1993, Tumlison et al.
1990, Fries 2002, Roberts et al. 1995). Embryonic development takes 3-4 weeks, hatchlings are small (~
10mm) and often with incomplete development of limbs and yolk sacs. Survival of captivity juvenile E.
sosorum is roughly 0.60 of hatched eggs, conferring average female reproductive success of 0.7
offspring per clutch, which is considerable higher than juvenile survivorship of wild E. neotenes of 0.10
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(Bruce 1976). Captive-bred E. sosorum reach sexual maturity in about 11 months at 1.7- 2 inches (43-50
mm) total length (0.9-1.0 inches, 24 - 27 mm SVL). Captive-bred Eurycea waterlooensis grow to sexual
maturity in about 18 - 23 months at 1.9 - 2.1 inches (48-55 mm) total length. Adults of both species
continue to grow after sexual maturity but much more slowly, reaching ~ 3 inches (76 mm) total length.
Longevity data from captive-reared and wild-caught juvenile E. sosorum and E. waterlooensis indicate
that these salamanders can live at least 15 years. Longevity in the wild is unknown.

Eurycea sosorum salamanders are found in epigean habitat at the four springs of Barton Springs,
Parthenia Spring in Barton Springs Pool (hereafter "Parthenia"), Eliza Spring, Old Mill/Sunken Garden
Spring (hereafter “Old Mill”), and Upper Barton Spring (Chippindale et al. 1993; City of Austin 2004,
2005, 2006, 2007). Eurycea waterlooensis is predominantly a subterranean species, spending most of its
life in the aquifer (Hillis et al. 2001). These salamanders are found in small numbers in the surface
habitats of Parthenia, Old Mill, and Eliza Spring where E. sosorum is found. It has not been found at
intermittent Upper Barton Spring. The four springs of Barton Springs are hydrologically connected via
the subterranean conduits of the underlying karst aquifer (Brune 1981, Slade et al. 1986, Hauwert et al.
2004, Hauwert 2009). In the past, there were surface connections among springs via outflow streams
that converged with Barton Creek. While subterranean connections remain, surface habitats have been
isolated by construction of dams, amphitheaters, and a floodwater diversion culvert, and the interment
of outflow streams. No surface migration routes from Parthenia to other springs exist today; marginal
migration routes exist between Eliza, Old Mill, and Upper Barton springs (Fig. 1). Water flow from
Parthenia and Eliza Spring is perennial; surface habitats have not gone dry, according to recorded human
history (Brune 1975, 1981).

Barton Springs Pool contains the largest area of potential habitat (~15,000 sq. ft.). The natural
habitat of Parthenia Spring is composed of crevices, fissures, and small natural caves (< 5-foot diameter)
in the limestone rock (~6,000 sq. ft.) where groundwater issues from the aquifer. An additional 11,000-
square-foot area along the northern margin of Barton Springs Pool was designated as salamander
habitat (USFWS 1998) and is a manmade shelf of compacted caliche, gravel, and cobble known as the
“beach”. The beach was originally cut out of the creek bank and flattened to create a wading area for
recreation in the 1930s. Area in which the majority of salamanders are found are at and immediately
downstream of the caves. Parthenia Spring is submerged under unnaturally deep water (3-17 feet) by
the upstream and downstream dams across Barton Creek creating Barton Springs Pool.

Eliza Spring is a small spring pool of roughly 800 square feet, surrounded by a concrete
amphitheater. The floor of the spring pool is a layer of concrete overlying natural habitat and artificially
raising the elevation of surface habitat ~ 1 foot. Groundwater exits the aquifer beneath the concrete
and reaches surface habitat through 15, 1-foot openings around the perimeter of the spring pool, and 7,
10-inch diameter holes through the concrete. In the early 1930s, the outflow stream was confined to a
buried pipe that carried water into Barton Springs Pool, but that connection was eliminated with the
construction of a floodwater bypass culvert in 1974. Presently, outflow from the spring pool is carried
through the buried pipe into the culvert and on to Barton Creek downstream of Barton Springs Pool.
Groundwater flow into Eliza Spring varies with aquifer conditions and apparently does not cease, as
water was present in natural surface habitat during the drought of the 1900s. Since 1998, water flow in
unnatural surface habitat on top of the concrete has been managed by obstructing outflow to maintain
wetted habitat under all natural aquifer conditions. Consequently, surface habitat has been submerged
under 2 to 7 feet of water periodically until 2003, when target managed water depth was decreased to
approximately one foot.

Salamander habitat in Old Mill Spring ranges from approximately 1300 to 1700 square feet
composed of a spring pool and outflow stream. Wetted surface habitat contracts with decreasing
discharge and, based on anecdotal accounts, the spring pool may have gone dry in the 1800s. The first
permanent alterations to this spring occurred in the 1800s with the construction of Paggi's Mill, which
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partially obstructed outflow to the natural stream. In 1937, under the auspices of the National Youth
Administration, an amphitheater was built on top of the Old Mill walls, which replaced the gates with a
wall and eliminated the stream by diverting outflow into a buried pipe, which connects to Barton Creek
downstream of all three of the other spring sites. Elevation of surface habitat was raised 5 to ten feet
with the addition of deep layer of rock sometime in the last few decades. All of these changes resulted in
unnaturally deep water in salamander habitat under non-drought conditions. The elevated substrate
resulted in apparent loss of wetted surface habitat in the last decade (D.A. Chamberlain pers.
communication 2004). Currently, removal of some of the excess rock has lowered substrate roughly 5
feet, allowing for continuously wetted habitat in the spring pool since 2003. A stream has been partially
reconstructed, creating additional wetted habitat in all aquifer conditions except extreme drought.
Construction of this stream also restored the surface connection between the spring and Barton Creek.

Upper Barton Spring is the smallest site. The average size of the surface habitat is 493 square
feet, and can be as large as 880 square feet under high aquifer conditions. Water flow at the surface is
intermittent; it disappears when Barton Springs’ discharge drops below 40 ft*/s. The site lies in the flood
plain on the southeast bank of Barton Creek and has no artificial impoundments or permanent
structures around it. Only E. sosorum has been found at this site; the first sighting occurred on April 1,
1997.

Evaluating potential effects of anthropogenic threats to these species requires basic ecological
and population dynamic information on these species, which is lacking. Gillespie (2011) presented
evidence of climatic environmental features correlated with salamander abundance. She demonstrated
that much of the variability in abundance of young adult and adult E. sosorum could be explained by
patterns of rainfall over the recharge zone of Barton Springs 7 to 12 months earlier. Rainfall recharging
the aquifer influences a suite of interconnected characteristics of groundwater in Barton Springs, i.e.,
discharge, flow velocity, water temperature, dissolved oxygen, turbidity (Mahler et al. 2006). The
identification of rainfall and other climatic factors correlated with subsequent variation in Barton
Springs' Eurycea populations increases our understanding of indirect, longer-term influences of
watershed-scale factors. But, we still lack a clear understanding of which aspects of habitat within
Barton Springs directly affect resident salamander populations.

In general, suitable habitat for E. waterlooensis and E. sosorum appears to be areas of flowing
groundwater associated with subterranean and epigean habitats, respectively. Habitats with flowing
water and rocky substrates have networks of clean interstitial spaces, which are typical of habitats
occupied by other karst-associated perennibranchiate Eurycea species (Randolph 1978; Tumlinson et al.
1990; Petranka 1998, Barr and Babbitt 2002; Bonett and Chippindale 2006, Bowles et al. 2006, Pierce et
al. 2010). It has been posited that this type of habitat also provides protection from predators,
abundant invertebrate prey, and constantly renewing dissolved oxygen. In the past, E. sosorum has been
reported as abundant in submerged leaves (J. R. Reddell personal communication to P. Chippindale
reported in Chippindale et al. 1993), moss (Dee Ann Chamberlain personal communication 2002), and
plants (Andrew H. Price, personal communication 2005). Eurycea nana, sister species to E. sosorum, is
reported to be found in rocks, logs, and vegetation (Tupa and Davis 1976, Thaker et al. 2006, Epp and
Gabor 2008), and Spyrogyra sp. algal mats (Najvar 2001, personal communication 2011). This suggests
that there is variation in optimal microhabitat among Notiomolge Eurycea, or optimal microhabitat is
unavailable to species in sites modified by human activities.

There are no published studies of the microhabitats in which in E. sosorum is found, or the
relationship between water chemistry, flow velocity, spring discharge and salamander abundance.
Identification and description of microhabitats in which Barton Springs’ Eurycea are found when all
types are available would be a significant advance in understanding precisely what constitutes good
habitat. Furthermore, examination of variation in microhabitat among spring sites and with aquifer
conditions would contribute to a more integrated understanding of how we expect natural and
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anthropogenic environmental variation to affect Barton Springs' Eurycea and over what time frames.
Yet, no studies to date have described variation in average annual abundance of juveniles, young adults,
and adults, or examined recruitment in wild populations of either species in all spring sites for entire
periods of record.

My objective in this paper is to begin to address this lack of scientific information. | use data
from 8 to 17 years of monitoring to ask several questions about salamander populations and habitat.
Specifically, | ask 1) do salamander abundance and density vary among and within spring sites, 2) is
there evidence of reproduction and recruitment within spring sites, 3) which microhabitat
characteristics are correlated with salamander abundance, and 4) does salamander abundance vary with
aquifer discharge and water chemistry? | also ask if habitat management since federal listing of E.
sosorum is correlated with salamander abundance. | use the information to discuss variation in
populations of E. sosorum and E. waterlooensis, and how surface habitat quality may affect both species.

Materials and Methods

Barton Springs’ Eurycea abundance data have been collected in all spring sites by City of Austin
staff roughly 12 times per year from 1993 through 2011 for E. sosorum, and from 1998 through 2011 for
E. waterlooensis. Initial year of data collection varies among spring sites, with Parthenia Spring surveys
initiated in 1993, Eliza and OIld Mill springs in 1995, and Upper Barton Spring in 1997.

Annual survey number and frequency have varied over time. Target frequency of each site was
one each month, but, actual number of surveys varied and intervals were irregular prior to 2003.
Average number of surveys per year is 9.8 for Parthenia Spring (1993 — 2002), 8.3 for Eliza Spring (1995 —
2002), 6.3 for Old Mill Spring (1996 — 2002), and 8.7 for Upper Barton Spring. From 2003 through 2011,
surveys were conducted every thirty to thirty-seven days or multiple thereof to facilitate use of times
series statistical analyses. Since Upper Barton Spring flows intermittently, there are gaps in survey data
corresponding with dry surface habitat. All surveys were conducted during daylight hours of a single day
except two surveys of Parthenia Spring (1994 and 1996), which were conducted at night. Surveys of
Parthenia Spring require SCUBA to search substrate because the spring has been submerged under
several feet of water since the construction of permanent dams in 1929. Eliza and Old Mill springs have
variable water depths; some surveys required SCUBA while others only required snorkeling; since 2003
all but four surveys were conducted by snorkeling. Upper Barton Spring water depth was always
shallow enough to searched substrate by wading except during floods. Surveys of Parthenia and Upper
Barton springs are not conducted when it is inundated by floodwater from Barton Creek because
underwater visibility is typically nil and current velocity is too fast to ensure safety of surveyors.
Generally, floodwater does not inundate Eliza and Old Mill Spring, although floodwater can reach Eliza
Spring if the gates in the downstream dam of Barton Springs Pool are closed.

Surveys conducted from 1993 to July 2003 consisted of searches of some or all of surface
habitat in all spring sites. Prior to July 2003, more than one spring site may have been surveyed in a
single day; since 200x, only one spring site was surveyed per day to allow for more exhaustive searching
of habitat. From 1993 through 1998, surveys of Parthenia Spring were of 1 x 1 meter squares every 10
feet along six transects across fissures and caves where groundwater exits the aquifer. From 1999
through 2001, survey method in Parthenia Spring was changed to searches of contiguous areas at the
caves and sporadic searches of fissures. From 2002 through June 2003, salamander abundance was
estimated by rapid scan of disjunct areas at the spring mouths. From 1995 to June 2003, surveys of Old
Mill and Eliza springs generally consisted of searches of the entire wetted habitat in the spring pool or
targeted smaller areas. When a surface outflow stream was present at Old Mill Spring, it was also
searched for salamanders. Total wetted area in Eliza Spring varied with water depth, which was not
recorded for some surveys in 2001 and 2002. Consequently, total survey area is unknown for some
dates.
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In 2003, survey design and method were changed. From July 2003 through 2010 salamander
abundance was estimated in all spring sites using a modification of the drive survey method (Rasmussen
and Doman 1943, Gilbert and Grieb 1957) of all of wetted surface habitat in Eliza, Old Mill, and Upper
Barton springs, and large, contiguous areas of Parthenia Spring. In Parthenia Spring, areas associated
with caves were always surveyed, while fissures were surveyed as time and staffing permitted. Only the
upstream most section of the "beach" (Beach 1) has been included in salamander monitoring. It was
surveyed regularly from 1993 to 2001, and in 2010. The modified drive method consisted of observers
oriented in a line perpendicular to the current, moving in concert from downstream to upstream,
removing all loose substrate and replacing it behind the line. This creates a moving, 6 to 10-inch strip of
coverless habitat that these salamanders are reticent to cross. Each salamander crossing coverless
habitat from upstream to downstream was added to the cumulative number; any salamander returning
to upstream habitat from behind the line was subtracted. When observers were in close proximity to
aquifer openings, salamanders observed moving forward and retreating into the aquifer were added to
the total.

Data collected before 1998 classify all perennibranchiate salamanders found as E. sosorum
because Eurycea waterlooensis was not discovered until 1998 (subsequently described in Hillis et al.
2001). Since 1998, each Eurycea salamander found was identified to species and assigned a size
category based on total body length (TL). From 1998 through June 2003, two categories were used, < 1
inch (25.4 mm) and > 1 inch (25.4 mm). From 2003 through 2010, three categories were used, < 1 inch,
1-2 inches (25.4-50.0 mm), and = 2 inches (50 mm). Total length categories were converted to snout-
vent length (SVL) according the following equation:

SVL (mm) =3.171 + 0.476*TL (mm).

This equation is based on linear regression (p<0.0001, r’=0.91) of unpublished City of Austin data
collected in 2003 from 208 wild E. sosorum. The snout-vent length categories were then compared to
SVLs reported for juvenile and sexually mature E. sosorum museum specimens (Chippindale et al. 1993),
and size at first reproduction and approximate growth of captive-bred salamanders (Chamberlain and
O'Donnell 2001, 2002). This resulted in three categories of life stage, juvenile (<15.3 mm SVL), young
adult (15.3-27.0 mm SVL), and adult (= 27.0 mm SVL). These categories are consistent with life-
stage/size relationships for E. nana (Najvar 2001), sister species to E. sosorum (Hillis et al. 2001,
Chippindale et al. 1993, Bendik 2006), and E. “neotenes” of Lamb and Turtle Creek springs (Bruce 1976),
now recognized as E. latitans (Chippindale et al. 2000). | applied the same procedure to assign life stage
to E. waterlooensis because the size/age relationship is similar to E. sosorum (Hillis et al. 2001, City of
Austin unpublished. Lastly, type of microhabitat in which each salamander was found was noted (under
rock, in plants, moss, algae, or leaf litter, or no cover).

Each spring site was divided into sections, within which substrate habitat characteristics were
measured. Percent of habitat area composed of rocks, plants, moss, algae, and leaf letter was estimated
visually and verified using a grid overlaid on photographs. In each section in each spring, we collected
five measurements of sediment depth to the nearest millimeter and visually estimated percent of
substrate with overlying layer of sediment. We also estimated percent by volume of sediment
composed of sand. We measured water depth to the nearest millimeter in five haphazardly chosen
locations in each section of each spring, except Parthenia Spring. Water in Parthenia Spring is
unnaturally deep (5-20 feet) because the downstream dam is used to keep it relatively constant for
recreational users. So, water depth was not measured during these surveys. Since 2003, total dissolved
gas pressure, partial pressure of dissolved oxygen, water temperature, and barometric pressure
measured near a spring mouth in each site using a saturometer (Common Sensing, Model TBO-F).
Dissolved carbon dioxide concentration was measured using Winkler titration. During low discharge

SR-12-16 7 July 2012



conditions, dissolved oxygen concentrations (DO) decreased to levels of concern for E. sosorum (Woods
et al. 2010) in Eliza Spring in 2008 and in Old Mill Spring in 2006 and 2008. Consequently, DO was
artificially increased in these sites by water recirculation and/or aeration. Hence, the data collected
during these periods are higher than natural concentrations. Prior to 2003, measurements of dissolved
oxygen in Parthenia, Eliza, Old Mill, and Upper Barton springs, were sporadic and obtained using
Hydrolab datasonde (model 4a). | also used U.S. Geological Survey estimates of aquifer discharge from
Barton Springs (all flowing springs combined) to categorize climate condition as drought or non-drought
and examine potential correlations with salamander abundance. Finally, from 2008 through 2011, site-
specific discharge and flow velocity at the substrate were measured in Eliza, Old Mill, and Upper Barton
springs during each survey using a Marsh-McBirney flow meter. Flow velocity at the substrate in Eliza
Spring was measured with a Marsh-McBirney meter at fifteen locations where groundwater entered the
spring pool and flowed roughly parallel to the substrate. Similar measurements were taken in five
locations in the Old Mill Spring pool and in the ou tflow stream, and five locations in each of the outflows
of Upper Barton Spring. Flow velocity was not measured in Parthenia Spring.

| generated descriptive statistics for salamander abundance and density of E. sosorum and E.
waterlooensis for each year of record for each site. Eurycea waterlooensis are seen in very small
numbers and infrequently in the surface spring, which limited most statistical analysis to simple,
descriptive methods. Since, the Eurycea sosorum data sets are larger and generally more salamanders
are found, it was feasible to use statistical tests to compare variables among and within sites. | used all
of the data for Parthenia Spring (1993 — present) to compare numbers of salamanders among survey
sections because of obvious, large differences in habitat characteristics, e.g., water depth, flow velocity,
anthropogenic disturbance from recreation. Because data collection methods and inter-survey interval
changed in 2003, | chose to exclude earlier data from many analyses to avoid misinterpretation of the
results. Since the nature of drive surveys alters distribution of animals within the surveyed,
measurements of density can vary if total area surveyed varies, and thus not necessarily reflect
intraspecific competition. This potential problem was mitigated in Eliza and Old Mill springs by
surveying all of wetted surface habitat. This problem could not be avoided in Parthenia Spring because
exhaustive searches of all of surface habitat were not possible with the resources available. Densities
calculated for this study are not meant to indicate actual spatial distribution of salamanders.

| examined potential differences in habitat characteristics and salamander abundance within
sites and among drought (< 25 ft*/s total Barton Springs' discharge) versus non-drought (> 25 ft*/s)
conditions. | used this discharge threshold rather than a geological or climatic threshold because it is
biologically relevant for E. sosorum. When the discharge of the Barton Springs complex is below 40 ft*/s,
surface habitat of Upper Barton Spring and adjacent Barton Creek are dry. This represents loss of
surface connection of this site with the perennial springs, and signals when retreat underground may
begin to affect interspecific interaction between E. sosorum and E. waterlooensis. In addition, the
surface habitat in old Mill Spring contracts and the outflow stream ceases to flow, and habitat in Eliza
Spring would be dry if water depth were not managed. At < 25 ft*/s, dissolved oxygen in Parthenia
declines to below 5 mg/L (Mahler et al. 2010). Because Barton Springs' discharge measured and
reported by the U. S. Geological Survey is that of all flowing springs sites combined, it is directly
correlated with site-specific discharges. | used the combined spring discharge data as a proxy for site-
specific discharge in statistical analyses except where noted because combined discharge is used to
guide various conservation management activities, from onsite maintenance of Barton Springs Pool to
regulation of groundwater removal from the aquifer.

All data were tested for statistical assumptions of typical parametric t-tests, ANOVA, and linear
regression (Sokal and Rohlf 1995, Zar 1984). Most of the data did not meet requisite assumptions of
normality and homogeneity of variances. In addition, salamander abundance and some habitat data
within sites are also serially auto-correlated. Therefore, | did not test for deterministic trends in

SR-12-16 8 July 2012



salamander abundance or water chemistry here. Time series analyses of E. sosorum data from Eliza and
Parthenia Spring are presented elsewhere (Gillespie 2011, Bendik and Turner 2011). | used non-
parametric tests because although the probability of Type Il error is increased (accepting the null when
it is false), their power and reliability are not as compromised when assumptions are violated as in
parametric tests (Tukey 1962, Seaman and Jaeger 1990, Potvin and Roff 1993). | used non-parametric
Mann-Whitney U and Kruskal-Wallis tests to detect differences in salamander abundance and density
within and among sites. | used non-parametric Pearson Rank correlations to test for variation in habitat
variables and relationships with salamander abundance and density within sites. | also used Pearson
Rank Correlation to test for recruitment within sites by asking if abundance of younger salamanders is
correlated with older salamanders 2, 3, and 4 months in the future. These time lags are consistent with
development and growth observed in captive E. sosorum. Metric measurements were converted to
inches after statistical analyses. | used StatView software (SAS Institute 1992-1998) for analysis of all
data. Significance thresholds used were at a = 0.05, unless otherwise noted.

Results
Variation in salamander abundance among and within spring sites

Abundance and density of both species of salamander vary over time among sites (Figs. 4-8,
Tables 1). Total abundances and densities of both species differ significantly among sites (E. sosorum
abundance: H=141.8, p<0.0001, density: H=182.3, p<0.0001; E. waterlooensis abundance: H = 34.7,
p<0.0001, density: H=70.2, p<0.0001). Highest to lowest average abundances of E. sosorum were found
in Eliza, Parthenia, Old Mill, and Upper Barton Spring, in descending order. Eurycea sosorum abundance
and density in Old Mill Spring is significantly low er than in Eliza and Parthenia Springs (abundance:
Kruskal-Wallis H = 37.53, p < 0.0001; density: H = 133.02, p < 0.0001; Fig. 5, Tables 2,3). While
salamander abundance is lowest in Upper Barton Spring (Fig. 6), density is not significantly different
than in Old Mill Spring (U =4811, z =-1.629, p < 0.0001; Table 3). Average annual abundances range
across several orders of magnitude for E. sosorum and reached record highs in all sites in 2008.

Eurycea waterlooensis abundance is significantly positively correlated with E. sosorum
abundance (p =0.505 z = 4.628, p < 0.0001). Abundance and density of E. waterlooensis are significantly
higher in Old Mill Spring relative to Eliza and Parthenia springs (abundance: H = 36.10, p < 0.0001;
density: H=32.96, p < 0.0001; Fig. 7, Tables 4, 5). Ranges of E. waterlooensis abundance in all sites are
small relative to E. sosorum (Tables 2 and 3). Salamanders of this species were found frequently in Old
Mill Spring (Table 5) over the period of record, while they were not found regularly in Eliza or Parthenia
Spring until 2003 (Table 4). There is no significant difference in abundance of these salamanders in Old
Mill Spring before and after 2003 (U = 1536, z = -0.082, p = 0.935). Abundances in Eliza and Parthenia
Spring are significantly higher since 2004 (Eliza abundance: U = 1332.5, z = -3.950, p < 0.0001; Parthenia
abundance: U = 2207, z =-1.855, p = 0.0005).

Abundance of E. sosorum varied within sites over the period of record. Eliza Spring abundance
is significantly lower from 1995 - 2002 than from 2003 - 2010 (U = 150.5, z = -9.667, p < 0.0001), which
corresponds with before and after reconstruction of some natural features of aquatic habitat (City of
Austin 2005, 2006; Fig. 4a), but also with the change in survey method. A comparison of periods
immediately before and after habitat reconstruction using only data collected under the same survey
method revealed significantly lower abundance in 2003 than from 2004 to 2005 (U = 0.0, z =-4.268, p <
0.0001). Abundance in Parthenia Spring increased significantly after changes in management of Barton
Springs Pool associated with federal listing of E. sosorum (U.S. Fish and Wildlife Service 1998) (U =
1,765.5,z=-3.281, p = 0.001). Abundance is significantly higher from 2006 - 2010, relative to 1998 -
2005 (U =2158.5, z = -2.871, py=0.025 = 0.004; Fig. 5a). These periods correspond with before and after
habitat reconstruction in Parthenia Spring in 2004 to 2005. There is no significant difference in E.
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sosorum abundance in Old Mill Spring for any these time periods (abundance: U = 388.5, z =-0.310,
Pa-0.0s = 0.756).

Reproduction and recruitment within spring sites

There is evidence of sporadic reproduction of E. sosorum in all spring sites for the periods of
record (Fig. 8). Timing and amount of reproduction are not constant and do not follow terrestrial
seasons (Fig. 8). In Parthenia and Eliza springs, juvenile abundance is positively correlated with adult
abundance 3 months earlier (Parthenia: p=0.534,z=3.291, p =0.001; Eliza: p=0.381,z=2.771,p<
0.0056). In Old Mill Spring, adult abundance is negatively correlated with juvenile abundance 3 months
later (p =-0.686, z = 4.394, p < 0.0001). Few juveniles had been found in Upper Barton Spring until
2008, but there is no statistical evidence of a consistent pattern of reproduction. The number of adults
is not correlated with number of juveniles three months later (p =0.053, z=0.268, p=0.79).

There is evidence of recruitment in Parthenia, Eliza, and Old Mill springs during some time
periods (Fig. 8). From 2003 -2010, juvenile abundance is significantly positively correlated with young
adult abundance three months later in these three springs (Eliza: p=0.721, z = 5.395, p<0.000, Fig. 8a;
Parthenia: p =0.509 z = 3.135, py-005 = 0.0017, Fig. 8b; Old Mill: p =0.663 z = 2.901, py-0.0s = 0.005, Fig.
8c). In Parthenia Spring, there is no significant relationship among juvenile abundance and "adult" (> 1
inch TL) abundance 3 months later from 1993 — 1997, (p = -0.085, z = -0.583, py-0.0s = 0.5596), but this
relationship is statistically significant after 1997 (p = 0.467, z = 2.723, py-0.0s = 0.0065). Young adult
abundance is positively correlated with adult abundance two months later in Eliza (p=0.342, z=2.512,
p=0.012) and Parthenia (p = 0.507 z = 2.999, py-0.0s = 0.0027); and three months later in Old Mill (p =
0.669 z = 3.068, p,-005 = 0.003). There are no statistically significant correlations among size classes of
salamanders in Upper Barton Spring for the period of record (Fig. 8d). Number of juveniles is not
correlated with young adults three months later (p=0.255, z=1.145, py-0.05s=0.25), neither is number of
young adults correlated with adults three months later (p=-0.061, z=-0.311, py-0.0s=0.76). There are no
statistically significant correlations at 4-month lags.

Reproduction and recruitment of E. waterlooensis are difficult to discern based on abundance of
salamanders observed in surface habitat (Fig. 9). Reproduction does occur because juveniles are seen in
surface habitat of all three perennial spring sites, typically when there are higher numbers of juvenile E.
sosorum (p = 0.633, z = 7.443, p < 0.0001). Based on visual examination of graphs of abundance (Fig. 9)
there does not appear to be recruitment in the E. waterlooensis populations of any site. There are no
statistically significant correlations among size classes in any site.

Microhabitat, flow regime, and salamander abundance

Abundance of E. sosorum varies significantly among potential cover microhabitat within sites.
The vast majority of salamanders have been found in the interstitial spaces of clean, rocky substrate
(98% in rock, 1.7% in moss + plants + algae, 0.2% leaf litter, 0.1% no cover). Salamander abundance and
density in Eliza Spring are significantly positively correlated with flow velocity, and negatively correlated
with percent sediment cover and water depth (Table 6). Significantly larger numbers of salamanders
were found after a more natural flow regime was restored in 2003 (U = 152, z =-7.348, p < 0.0001),
relative to 1998 to 2002. Percent sediment cover is positively correlated with water depth; as water
depth decreases, percent sediment cover also decreases.

In Parthenia Spring, mean sediment depth was significantly less in two sections of deeper
habitat in front of the caves after habitat reconstruction (2006-2010) than before (2003-2005)(Little
Main: U =153.0, z =-2.730, p = 0.006; Side Spring: U =158,z =-2.192, p = 0.03). From 1993 to the
present in Parthenia Spring, more E. sosorum were found in habitat in deeper water in front of the caves
than in fissures in shallower water (H = 213.18, p,-0.05 < 0.0001).
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In Old Mill Spring, E. sosorum abundance is also significantly positively correlated with flow
velocity (p = 0.787, z = 5.944, p< 0.0001) and water depth (p =0.528, z=5.944, p< 0.0001), and
negatively correlated with sediment depth (p=-0.366, z =-2.761, p= 0.0058) and percent sediment
cover (p=-0.413,z=-2.802, p=0.0051). These variables are correlated with one another; flow velocity
is negatively correlated with sediment depth (p =-0.486, z=-2.477, py=001 = 0.013), percent sediment
cover (p =-0.529, z=-2.181, py-001= 0.03), and water depth (p =-0.340, z = -2.095, py-0.01 = 0.036). In
Upper Barton Spring, salamander abundance is not significantly correlated with flow velocity, water
depth, sediment depth, or percent sediment cover, and none of the habitat characteristics are
significantly correlated with one another

Discharge, water chemistry, and drought

In general, E. sosorum and E. waterlooensis abundances vary with discharge from Barton
Springs; total from all springs ranges from ~ 10 - 120 cubic feet per second (cfs). Discharge differs
among spring sites; the largest volumes of water issue from Parthenia Spring (75-90%). Site-specific
discharges from Eliza and Old Mill springs vary from 1 - 12 cfs and 0 - 12 cfs, respectively. Upper Barton
Spring discharge ranges from 0 — 3 cfs.

From 1993 to the present, total abundance of salamanders in Parthenia Spring is significantly
negatively correlated with Barton Springs’ discharge (p =-0.262, z =-2.048, p = 0.04), but is significantly
positively correlated with discharge 6 months earlier (p = 0.500, z = 3.042, p < 0.0023). The relationship
between discharge and abundance is statistically significant for juveniles (p = 0.484, z = 2.947, py=0.0125 <
0.0032) and all adults combined (> 1”)(p = 0.504, z = 3.067, Py-0.0125 < 0.0022). From 2003 to the
present, young adult and adult abundances are significantly correlated with a six-month lag in discharge
(young adult: p =0.467, z = 2.838, py=0.0125 = 0.0045; adult: p=0.422, z = 2.568, Py-0.0125 = 0.012). There
are no similar significant correlations for any of the other spring sites.

While there have been several periods of low discharge since 1993, there was only one period of
severe drought during which total Barton Springs' discharge was < 25 cfs: from June 2008 to October
2009. Parthenia and Eliza Spring remained wet with detectable water flow for the entire period. Mean
water flow velocity in Eliza Spring was significantly lower (U = 36.50, z =-2.960, p = 0.0031) during the
drought (0.29 +0.05 s.e.) than before (0.85 ft/sec. + 0.17 s.e.). There was water in surface habitat in the
spring pool of Old Mill Spring, but there was no detectable discharge and the stream was dry. Upper
Barton Spring had gone dry 30 days earlier.

The drought’s effects on surface habitat were evident in the reduction of dissolved oxygen in all
sites, increases in water temperature in Eliza and Old Mill Springs (Tables 7,8,9). Dissolved oxygen was
significantly lower in Eliza and Parthenia Spring during the 2008 - 2009 drought than in the previous 5
years (2003 - 2008) (Eliza: 2003-2008: U = 28.0, z = -4.733, p < 0.0001; Parthenia: U =13.0, z = -4.556, p <
0.0001; Table 7), and the previous twelve months (May 2007- May 2008) (Eliza: U=10.0,z=-3.766, p =
0.0002; Parthenia: U =0.0, z=-3.554, p =0.0004). There is no significant difference in DO in Old Mill
Spring for either of those comparisons (pervious 5 years: U = 20.0, z = -0.485, p = 0.6274; preceding 12
months: U =175, z=-0.139, p = 0.889)(Table 9). However, dissolved oxygen was augmented in Old Mill
Spring during the majority of the 2008-2009 drought to protect salamanders, effectively reducing
sample size of natural concentrations to 3 measurements. In addition, a less severe drought in 2006
also required augmentation of DO because its concentration dropped to below 2.0 mg/L while Barton
Springs' discharge remained above 25 cfs. When data from the 2006 and 2008 droughts are combined,
there is a significant difference in DO concentration (U = 447.5, z = -4.674, p < 0.0001). Approximately 1
month before Barton Springs’ discharge dropped to 25 cfs, Upper Barton Spring surface habitat had
contracted down to a 1-foot square puddle with a dissolved oxygen concentration of 1.6 mg/L.
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Mean water temperature was significantly higher during the drought in Eliza (U=328.0,z=-
3.225, p = 0.00), Old Mill (U = 802, z=-2.141, p < 0.0001), and Parthenia (U = 230.5,z=-3.715, p =
0.0002). Mean flow velocity in Eliza Spring during drought (0.32 ft./s. £ 0.19 S.D., 0.06 s.e.) was
significantly lower than during non-drought (0.85 ft./s. £ 0.58 S.D, 0.12 s.e.; U=46.5,2=-3.038, p =
0.002).

There were significantly fewer E. sosorum salamanders in Eliza and Old Mill springs during the
drought than in the preceding twelve months (Eliza: U = 46.0, z =-2.147, p = 0.032, Fig. 10a; Old Mill: U =
5.0, z=-3.444, p = 0.0006, Fig. 11). In Eliza Spring, juvenile and adult abundances were significantly
lower during the drought (juvenile: U =172.0, z=z-2.662, p = 0.0078; Adult: U=131.5,z2=-3.286, p =
0.001; Fig. 10a), while young adult abundance was not (U = 268.5, z = -0.960, p = 0.337). Abundances of
young adults and adults in the year following the drought did not differ significantly from during the
drought (young adult: U =46.0, z=-1.609, p =0.11; adult: U =49.0, z=-1.442, p = 0.15), but juvenile
abundance was significantly lower after the drought than before (U =31.5, z=-2.413, p = 0.016).

In Parthenia Spring, there was no significant difference between abundances during the drought
and the previous year (U = 40.0, z = 0.0, p > 0.99), nor was there a difference among abundances before,
during, and after the drought (abundance: H = 0.825, p = 0.66; Fig. 10b).

Discussion

There is significant variation in abundances of E. sosorum and E. waterlooensis among and
within spring sites. In general, abundance of E. sosorum has increased significantly since 2003 in all
spring sites except Old Mill, where it has not increased but also has not decreased. Eurycea sosorum
abundance in Upper Barton is low on average, with densities similar to those in Old Mill Spring.
Abundance varies directly with discharge from this spring as lower discharge causes surface habitat
contraction and disappearance. The fate of salamanders in Upper Barton Spring during periods when
surface habitat is dry is unknown and the origin of salamanders found after groundwater returns to
surface habitat is likewise unknown. Of 48 salamanders in Upper Barton Spring that were marked
(Visible Implant Elastomer) in 2007, none were found in any other spring while Upper Barton Spring was
dry in 2008; and only four (8%) were seen again in Upper Barton Spring when flow returned in 2009 (City
of Austin 2010, 2011). Apparently healthy adult and young adult salamanders have been found in this
spring within a couple of weeks of the return of wetted surface habitat (City of Austin data L. Dries pers.
obs.), but their site of origin is unknown. It is unclear whether salamanders are migrating among sites in
response to habitat contractions and expansions. There is no evidence of recruitment in Upper Barton
Spring, but, juveniles have been found, and in record high abundance in 2008. Eurycea waterlooensis
has been seen more frequently and in higher numbers in Eliza and Parthenia Spring since 2003, and
continues to been seen regularly in Old Mill Spring. It has yet to been observed in Upper Barton Spring,
although whether its subterranean range extends to this spring site is unknown.

There is evidence of reproduction and recruitment of E. sosorum in the three perennial spring
sites. Presence of juveniles indicates that reproduction does occur and varies over time. Evidence that
juveniles grow and are recruited into the adult population is provided by the positive correlation of
juvenile abundance with subsequent young adult and adult abundances at time lags are consistent with
growth rates in captivity. In addition, the positive correlations of adult abundance with juvenile
abundance 3 months later in Eliza and Parthenia Spring suggest that increases in adult abundance may
be useful indication of the onset of a period of re production. In general, periods of reproduction and
recruitment are not seasonal per se, but vary with aquifer discharge; reproduction and recruitment
decrease or disappear during severe drought.

Factors other than increases in population size could have contributed to observed increases in
E. sosorum abundance within sites. Migration of salamanders among sites or between epigean and/or
subterranean microhabitats within sites or the change in survey method could underlie the increases in
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abundance within each site. Migration among sites would produce a pattern of decrease in one site
concurrent with an increase in another site; this is not the pattern observed. Salamander abundances in
all sites increase during the same periods. Variation in detection probability associated with a change in
survey method is unlikely to produce multiple obvious periods of reproduction and recruitment of
juveniles into the adult populations of Eliza and P arthenia Spring that are correlated with environmental
conditions. Moreover, the consistent pattern of variation in abundance, reproduction, and recruitment
with environmental conditions based on data collected under the same survey method further rejects
the hypothesis that variable detection probability underlies the observed increases in abundance. The
results reported here are consistent with real biological processes driving increases in population sizes,
rather than changes in survey method or effort producing spurious increases in abundance.

The vast majority of Barton Springs' Eurycea salamanders (98%) were found in rocky substrate in
all springs. Although, common use of other microhabitat has been reported by others, the results
presented here suggest that these salamanders prefer clean, rocky substrate if it is available, rather than
moss, plants, algae, or leaf litter. This is consistent with microhabitats where many other
perennibranchiate Eurycea are found (Tupa and Davis 1976, Randolph 1978, Sweet 1982, Tumlison et al.
1990; Petranka 1998, Barr and Babbitt 2002; Bonett and Chippindale 2006, Bowles et al. 2006, Pierce et
al. 2010). Interestingly, E. sosorum is not commonly found in abundance in green filamentous algae, as
has been reported for closely related E. nana (Najvar 2001, 2007). However, the dominant green,
filamentous algae in Barton Springs are Cladophora sp., and the algae in which E. nana is typically found
in abundance are Spyrogyra sp. or Lyngbya sp. (P. Najvar personal communication). During the recent
drought, the predominant filamentous algae have been Spyrogyra sp. and more E. sosorum has been
found in there than in the past, but this is still a very small proportion of salamanders.

In Eliza Spring, there were dramatic changes in habitat associated with reconstruction of more
natural flow regime in surface habitat in 2003 and 2004 (City of Austin 2004, 2005). Large obstructions
to outflow from the spring pool were permanently removed, resulting in generally shallower water, and
faster water flow. Increased flow velocity under all discharge conditions was accompanied by decreases
in sediment depth and the extent of substrate covered with a thick layer of sediment. In 2004 and 2005,
there were similar efforts to enhance water flow in Parthenia Spring by removing accumulated sediment
and rock from fissures and cave mouths. Sediment suspended in the groundwater and surface water
settles in Parthenia Spring during periods of high aquifer discharge (Mahler and Lynch 1999, Mahler et
al. 1999) and floods; large amounts of gravel and rock are also deposited with Barton Springs Pool
during floods.

Since habitat reconstruction in Eliza Spring, salamander density is positively correlated with flow
velocity, and negatively correlated with water depth and sediment cover. In Parthenia Spring, fewer
salamanders are found in fissures compared with sections in front of the spring mouths, which is
consistent with the sediment depth results; sediment depth has not changed in the fissures, while it has
decreased in two areas in front of spring mouths.

The negative correlations between salamander density and percent sediment cover suggests
that one of the benefits of flowing water is less of substrate area is covered in sediment. The pattern of
correlations among flow velocity, sediment cover, water depth, and sediment depth in Eliza Spring are
consistent with typical interactions in stream systems. Shallower water flows faster, faster water flow
flushes out excess sediment and helps prevent its deposition (Leopold et al. 1992), all of which help
create clean interstitial spaces in rocky substrate that can be inhabited by aquatic flora and fauna (Hynes
1972, Nowell and Jumars 1984, Giller and Malmqvist, Poff and Ward 1989, Poff et al. 1990, Vogel 1994).
Mean values of sediment and water depth became more typical of shallow, flowing streams in which the
majority of Eurycea species are found (Wells 2007, Petranka 1998).

Eurycea sosorum abundance varies among the deeper and shallower habitat locations within
Parthenia Spring. Within the natural habitat, more salamanders were found in sections in front of the
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small caves where the majority groundwater issues from the aquifer. This isn't simply an artifact of the
drive survey method because of the architecture of the fault system in and the direction of the drive.
The shallower survey sections are located on the upstream part of the system, on top of a rimrock ledge
littered with small fissures. These fissures carry groundwater toward an abrupt drop off that leads to
the relatively larger cave openings at the bottom of a rimrock ledge. These deeper sections are
surveyed before or at the same time as shallow habitat, and salamanders counted are those that move
from upstream to downstream, away from caves and fissures. Greater abundance of salamanders in
deeper water near the caves in Parthenia is a real phenomenon.

The occurrence of more salamanders in deeper water (10-17 feet) in Parthenia Spring may seem
contradictory to results from Eliza Spring. However, the water current issuing from the caves is readily
detectable by humans as stronger than water flowing in fissures, suggesting the relationship may be
driven by flow velocity and the resulting effects on substrate condition rather than water depth. Since
E. sosorum and E. waterlooensis are stream-adapted salamanders, water velocity is likely to be the more
critical proximate factor. Flow velocity varies with water depth, but the degree to which that affects
salamander abundance is also driven by volume and rate of water discharge from a particular spring.
Parthenia Spring is much, much larger than Eliza Spring, emitting up to 10 times the water flow. Water
velocity at the spring mouths in Parthenia Spring is likely similar to or higher than in Eliza Spring, even
when submerged under several feet of water. In addition, occupation of habitat closer to the surface of
the water in Parthenia Spring puts salamanders in closer proximity to swimmers and other recreational
users, and may experience more harassment from unnatural habitat disturbance.

As would be expected for a stream-adapted species, E. sosorum abundance is correlated with
these factors. Higher abundances occur when flow velocity is faster, and sediment cover, and sediment
and water depths are lower. After habitat reconstruction, E. sosorum abundance and density increased
by several orders of magnitude, and have remained significantly higher to date, despite the recent
severe drought. Although no flow velocity data were collected in Parthenia Spring, sediment depth was
significantly less after these efforts in some areas, and E. sosorum abundance increased significantly by
2006. Eurycea waterlooensis has been seen more frequently after the temporary or permanent flow
regime reconstructions in Parthenia and Eliza Spring, respectively.

All of the results of examinations of microhabitat indicate that E. sosorum fares better in
habitats with briskly flowing water (~ 0.5 — 1 ft./s.) and less sediment-laden, rocky substrate. This is
consistent with a preference for flowing water (Thaker et al. 2006) of 0.39 ft/sec in E. nana (Fries 2002).
The benefits of flowing water to E. sosorum are not surprising considering the evolutionary history of
central Texas perennibranchiate Eurycea. The entire clade consists of species that evolved and reside in
spring-fed streams (Sweet 1977, 1982, 1984, Wiens et al. 2003, Hillis et al. 2001, Chippindale et al. 2001,
Petranka 1998, Bowles et al. 2006). Higher flow velocities of streams and rivers are the dominant
features distinguishing them from lakes and ponds (Leopold et al. 1992). Flowing water influences every
part of the aquatic ecosystem (Wetzel 2001; Giller and Malmqgvist 1998), from the amount of sediment
(Nowell and Jumars 1984) and type of algae (Poff et al. 1990, Reiter and Carlson 1986) to the community
of invertebrates and vertebrates (Vogel 1994). Faster, unidirectional water flow naturally favors growth
of tightly attached algae (Stevenson 1983, Korte and Blinn 1983, Fritsch 1929), favors a diversity of
stream-adapted invertebrates (Hynes 1972), and helps maintain high water quality (Spellman and
Drinan 2001). Moreover, periodic disturbance imposed by variation in water flow also plays a critical
role in stream ecosystems (Resh et a. 1988). Unfortunately, imperiled E. nana and E. sosorum are
limited to habitats whose flow regimes have been altered by dams or other impoundments. Long-term
effects of alteration of flow regime on the San Marcos River of central Texas decreased the frequencies
of small and large floods, resulting in a shift in the dominant species from endemic specialists to
generalists (Perkin and Bonner 2010). Permanent loss of natural flow regimes of Barton Creek and
Barton Springs Eurycea may inhibit the ability of endangered endemic species to recover.
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Barton Springs’ Eurycea abundance varies within discharge from Barton Springs, which ranges ~
10 - 125 cfs (citation). Six-month lag in discharge with salamander abundance is consistent with the 10-
11 month lag in rainfall and salamander abundance, and synchronicity of total salamander abundance
and increases in discharge documented by Gillespie (2011). Although water can travel quickly through
karst aquifers, a single, average rainfall after a period of drought rarely results in immediate large
increases in Barton Springs' discharge. It appears that it takes several months for rainfall to produce
enough recharge water to the aquifer to result in biologically significant increases in discharge.

The severe drought of 2008-2009 resulted in reduced Barton Springs’ discharge to 13 cfs, a level
not seen since the drought of record in the 1950s (Smith and Hunt 2010). Parthenia Spring had higher
flow than Eliza Spring, followed by Old Mill Spring, where surface habitat was reduced to a stagnant pool
with undetectable flow velocity and therefore, discharge was at or near zero. Reduction in discharge
was accompanied by significant increases in water temperature in the three spring sites, and decreases
in flow velocity in Eliza and Old Mill Spring, thus, inhibiting processes and flow regime conditions that
foster higher concentrations of dissolved oxygen (Levine 1978, Lampert and Sommer 1997, Giller and
Malmqvist 1998, Wetzel 2001). Since dissolved oxygen and temperature can influence every aspect of
the aquatic community (Cushing and Allan 2001; Giller and Malmqvist 1998 references therein; Wetzel
2001 and references therein), drought-related reductions in spring discharge can have strong effects on
resident flora and fauna.

These changes are of biological significance to resident E. sosorum. Dissolved oxygen decreased
in all sites to concentrations that are of concern for E. sosorum. Woods et al. 2010 showed that in
metabolic responses of E. nana and E. sosorum to a range of dissolved oxygen concentrations are
similar. They demonstrated that neither species habituates to low DO by reducing metabolic rate;
metabolic rates increase until salamanders are approaching death. They demonstrated that 28-day
dissolved oxygen concentrations of 4.5 mg/L, 4.2 mg/L, 3.7mg/L, and 3.4 mg/L result in mortality of 5%,
10%, 25%, and 50% of adult E. nana. Chronic 60-day exposure to 4.44 mg/L dissolved oxygen
compromised growth of juvenile E. nana. Mean DO concentrations in Eliza Spring and Old Mill Spring
during drought were below the growth inhibition and LCs thresholds (4.3 mg/L and 4.26 mg/L,
respectively). Moreover, minimum DO concentrations in Eliza Spring (3.9 mg/L) dropped below the LCy
threshold, and the minimum in Old Mill Spring (1.04 mg/L) dropped below the LCs,. Fortunately, DO
augmentation was implemented immediately after these concentrations were measured.

Variation in water temperature in the perennial springs of the Edwards Aquifer is typically less
than in other surface waters (Brune 1981, Sweet 1982, Groeger et al. 1997), although it is not constant
in Barton Springs (Mahler et al. 2010, Gillespie 2011). Increases in water temperature have detrimental
effects on other Edwards Aquifer perennibranchiate Eurycea (Norris et al. 1963, McAllister and
Fitzpatrick 1989, Berkhouse and Fries 1995) and it is reasonable to assume that Barton Springs’ Eurycea
could be similarly affected.

Thus, it should be no surprise that Barton Springs’ Eurycea abundance was significantly lower
during the drought. No E. waterlooensis were seen in any spring site during the drought. There were
substantial decreases in E. sosorum of all size classes in all sites. The E. sosorum population in Old Mill
was more severely affected by drought than those in Eliza and Parthenia Springs. There were 11
consecutive months during the 2008 - 2009 drought, when no salamanders of either species were
found. During the less severe drought of 2006, there were 6 consecutive months of zero salamander
abundance. This coupled with the dissolved oxygen concentrations during these droughts, suggests that
when dissolved oxygen is below 4.0 mg/L and adult abundance is at or near zero, there is no
reproduction, and hence no recruitment.

Eurycea sosorum abundance in Parthenia Spring decreased during the drought, but not as
drastically as in Old Mill Spring. There were few juveniles and no evidence of recruitment during the
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drought, even though dissolved oxygen was the highest of all three sites and never dropped to
concentrations of concern.

Abundance in Eliza Spring remained the highest of the three sites throughout the drought. We
have some evidence from this site that salamanders retreated to inaccessible areas during the worst of
the drought. In the month before rainfall broke the drought, only 27 young adult and 14 adult E.
sosorum were seen in Eliza Spring. Six weeks after the rainfall, these abundances increased to 230
young adults, and 154 adults, which is too short a time for reproduction and recruitment to have
occurred. In eight weeks, juveniles appeared in very low abundance, 12. Clearly, these salamanders
went somewhere, but, whether they retreated to subterranean habitat or the inaccessible outflow pipe
from the spring pool is unclear. Water flow is faster in the pipe and there is a vent to the atmosphere,
so dissolved oxygen was likely higher than in the spring pool. However, condition of subterranean
habitat is less certain. Regardless of where surviving salamanders retreated, comparison of November
abundances with 2008 pre-drought highs of 256 adults, 535 young adults, and 568 juveniles shows a
98% decrease in juveniles, a 57% decreased in young adults, and a 40% decrease in adults.

The very small numbers of juveniles during the drought suggest that adult reproduction was
very low, which is consistent with theoretical and empirical demonstrations of resource allocation for
long-lived animals (Pianka 1983, Harris and Ludwig 2004, Takahashi and Pauley 2010). Adults that will
have more than one lifetime opportunity to reproduce are expected to allocate metabolic energy to
survival alone when environmental conditions are poor (Pianka 1983). Barton Springs’ Eurycea are long-
lived and reproduce more than once in a lifetime. The lack of constant, year-round reproduction, and
extremely low abundance of juvenile E. sosorum during drought suggests that in the wild these
salamanders suspend reproduction under adverse environmental conditions.

It is clear that drought imposes direct detrimental effects on survival, reproduction, and
recruitment of Eurycea sosorum. It is also apparent that abundances and population sizes can increase
rapidly when environmental conditions are good. What isn’t clear is what triggers these bouts of
reproduction and recruitment leading to the increases. In the fourteen months since the end of the
2008-2009 drought, E. sosorum and E. waterlooensis abundances have not returned to pre-drought
levels. In Eliza Spring, juvenile abundance is lower after the drought then during; In Old Mill Spring,
maximum number of salamanders seen after the drought, was 4; and in Parthenia Spring, abundances
did not change after the drought. It may be that adult E. sosorum have not reached a level of metabolic
energy where reproduction is favored, even though dissolved oxygen concentration returned to pre-
drought concentrations. While this confirms the positive relationship between dissolved oxygen and
discharge, it also suggests that indirect effects of lower dissolved oxygen on the ecosystem may persist
after a drought. It also suggests that there may be other drought-related factors that affect
salamanders, such as water temperature dips associated with winter rains (Gillespie 2011). The effects
of frequent, repeated, extended drops in Barton Springs’ discharge during severe droughts (Smith and
Hunt 2010) on E. sosorum and E. waterlooensis may be dependent on not only the duration and
frequency of low discharge, but also the duration of intervening non-drought conditions.

Conclusions

Populations of E. sosorum and E. waterlooensis vary within and among spring sites, as do
ecological conditions. In general, there are more salamanders during periods of average or higher
Barton Springs’ discharge. Average abundance of E. sosorum increased in Parthenia and Eliza Spring
after partial restoration of natural flow regimes. Eurycea sosorum prefers clean, rocky substrates in
quickly flowing water and little sediment. Since 2003, there have been bouts of reproduction and
recruitment in Eliza, Parthenia, and Old Mill Spring, and there have also been periods of drought during
which there was little reproduction and recruitment. During droughts, dissolved oxygen is lower and
water temperature is higher, both critical factors known to affect E. sosorum, E. nana, and other central
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Texas perennibranchiate Eurycea. Despite the recent severe drought, Eliza Spring remains the best
habitat and harbors the largest and most robust E. sosorum salamander population, which likely has the
best potential to weather adverse conditions. Since E. waterlooensis resides in subterranean habitat of
the Barton Springs complex and has been observed in surface habitat of the three perennial springs,
Eliza, Parthenia, and Old Mill, it is difficult to infer the status of the populations and the species. Lack of
information on life history characteristics in wild populations further hampers assessment of
reproduction and recruitment. However, E. waterlooensis depends on the same groundwater that feeds
surface habitats of Barton Springs. Efforts to protect the quantity and quality of this groundwater
associated with E. sosorum will also protect subterranean habitat for E. waterlooensis. What isn’t clear
is the natural degree of overlap of preferred microhabitats and resultant interspecific competition.
Moreover, how anthropogenically derived increases in habitat overlap would affect both species is
unknown.

The results presented here suggest two anthropogenic factors that impose significant threats to
persistence of Barton Springs’ Eurycea, alterations of natural flow regimes of the springs, and drought.
While rainfall is the climatic cause of drought, the effects on Barton Springs’ discharge are magnified by
withdrawal of groundwater from the outlying watershed. By the 1950s, ~ 1 cfs of groundwater was
regularly extracted from the Barton Springs Zone of the Edwards Aquifer upstream of Barton Springs,
resulting in a low discharge from combined Barton Springs of 9.6 cfs during the drought of record in the
late 1950s (Smith and Hunt 2010). As of today, demand for groundwater has increased to levels that
threaten to cause cessation of flow from Barton and other Edwards Aquifer springs during droughts
(Bowles and Arsuffi 2006). The effects of drought are magnified by dams, amphitheaters, and other
impoundment structures (Giller and Malmqvist 1998) at Eliza, Parthenia, and Old Mill springs.
Conservation of Barton Springs’ Eurycea requires consideration of the evolutionary adaptations of each
species, how anthropogenic changes impose selection countering those adaptations (contemporary
evolution sensu Stockwell et al. 2003) and whether the species can adapt before they go extinct. Given
the suite of characteristics that change with flow regime alteration, and the positive response of E.
sosorum to partial restoration, continued efforts to reverse the effects of dams could not only improve
habitat, it could potentially help mitigate the effects of drought.
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Table 1. Mean, standard deviation (S.D.), and standard error (s.e.) of E. sosorum and E. waterlooensis
salamander abundance and density in each spring site for the period of record are listed below.
Minimum (Min.) and Maximum (Max.) salamander abundance and number of surveys (N) are also listed.

Abundance (#) Density (#/sq. ft.)
Mean S.D. s.e. Min- N Mean S.D. s.e. Min- N
Max Max
Eurycea sosorum
Eliza (1995-
2011) 190.5 2554 20.6 0-1234 154 0.35 0.34 0.03 0-1.54 103
Parthenia (1993-
2011) 445 59.3 4.5 1-447 171 0.03 0.03 0.002 0.0-0.18 154
Old Mill (1998-
2011) 154 19.7 1.7 0-97 134 0.02 0.02 0.002 0-0.09 134
Upper Barton
(1997-2011) 8.0 129 1.3 0-100 92 0.02 0.02 0.002 0-0.15 92
All Sites
Combined All
Years 72.1 158.1 6.4 0-1234 551 0.09 0.21 0.009 0-1.54 483
Eurycea waterlooensis
Eliza
(1998-2011) 0.76 1.8 0.16 0-12 128 0.001 0.003 0.0003 0-0.02 89
Parthenia (1998-
2011) 0.29 0.74 0.07 0-5 113 0.0001 0.0003 0.00003 0-0.001 98
Old Mill (1998-
2011) 3.6 7.6 0.68 0-43 125 0.003 06 0.001 0-0.03 25
Upper Barton
(1998-2011) 0 0 0 0 83 0.02 0.02 0.002 0-0.15 83
All Sites
Combined
(1998-2011) 1.3 44 0.21 0-43 449 0.001 0.004 0.0002 0-0.032 395
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Table 2. Descriptive statistics of E. sosorum abundance and density in Eliza and Parthenia Spring for
each year of record are listed below. n/a indicates that density cannot be calculated because exact area
surveyed was not recorded. Changes in habitat management associated with federal protection of E.
sosorum were implemented in 1997. Habitat reconstruction in Eliza Spring occurred from 2003-2004, in
Parthenia Spring from 2004-2005.

Abundance (#) Density (#/sq ft)

Year Mean S.D. s.e. N Min. Max. Mean S.D. s.e. N
Eliza
1995 20.3 7.14 357 4 12 29 0.026 0.009 0.005 3
1996 7.7 8.19 247 11 1 23 0.01 0.009 0.003 10
1997 25.8 1251 511 6 13 44 0.01 n/a n/a 1
1998 14.9 5.16 1.72 9 8 23 n/a n/a n/a
1999 6.6 4.04 135 9 1 13 n/a n/a n/a
2000 1.6 2.68 08 10 O 8 n/a n/a n/a
2001 4.1 2.36 083 8 1 7 n/a n/a n/a
2002 4.5 2.45 087 8 2 8 n/a n/a n/a
2003 39.8 4424 140 10 3 148 0.04 0.06 0.02 10
2004 350.6 1241 469 7 233 601 0.44 0.16 0.06 7
2005 369.6 197.2 624 10 151 673 0.44 0.25 0.08 10
2006 453.4 169.5 536 10 216 738 0.57 0.21 0.07 10
2007 437.0 166.7 503 11 280 701 0.55 0.21 0.06 11
2008 703.4 347.4 100.3 12 231 1234 0.88 0.43 0.13 12
2009 163.6 1143 36.1 10 35 405 0.20 0.14 0.05 10
2010 155.6 88.7 314 8 53 360 0.18 0.12 0.04 8
2011 152.1 63.7 201 10 49 226 0.19 0.08 0.025 10
Parthenia
1993 18.2 6.9 3.1 5 11 27 0.038 0.014 0.006 5
1994 15.2 7.8 2.2 12 3 28 0.031 0.016 0.005 12
1995 16.0 12.0 - 13 1 40 0.033 0.025 0.007 13
1996 21.4 12.6 3.2 16 7 45 0.044 0.026 0.007 16
1997 19.7 17.1 6.5 7 4 44 0.041 0.035 0.013 7
1998 29.6 10.6 3.4 10 10 42 0.059 0.012 0.007 3
1999 57.2 219 6.9 10 17 82 0.037 0.014 0.005 10
2000 17.7 14.1 4.7 9 3 42 0.012 0.009 0.003 9
2001 10.7 3.1 1.2 7 6 15 0.007 0.002 0.001 7
2002 22.0 8.1 2.7 9 5 32 n/a n/a n/a n/a
2003 46.1 29.5 104 8 11 100 0.023 0.010 0.005 5
2004 37.2 389 13.0 9 5 127 0.015 0.016 0.005 9
2005 111.0 84.5 320 7 16 236 0.042 0.032 0.012 7
2006 86.9 1246 415 9 1 300 0.034 0.045 0.015 9
2007 27.8 16.0 6.5 6 9 55 0.011 0.007 0.003 6
2008 177.6 1106 369 9 76 447 0.081 0.042 0.014 9
2009 28.7 22.5 8.5 7 5 73 0.010 0.010 0.004 7
2010 54.9 33.8 119 8 13 111 0.013 0.006 0.002 8
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Table 3. Descriptive statistics of E. sosorum abundance and density in Old Mill and Upper

Barton Spring for each year of record are listed below. n/a indicates that density cannot be
calculated because exact area surveyed was not recorded. Changes in habitat management

associated with federal protection of E. sosorum were implemented in 1997. Habitat
reconstruction in Eliza Spring occurred in 2003, in Parthenia Spring from 2004-2005.

Abundance (#) Density (#/sq ft)
Year Mean S.D. s.e. N Min. Max. Mean S.D. s.e. N
Old mill
1997 39.6 233 11.7 4 8 60 0.058 0.037 0.019 4
1998 27.9 18.1 6.0 9 4 51 0.027 0.021 0.007 9
1999 5.9 4.4 1.5 9 0 13 0.004 0.003 0.001 9
2000 2.0 2.6 0.9 8 0 7 0.002 0.004 0.001 8
2001 27.6 17.6 5.6 10 8 56 0.031 0.023 0.007 10
2002 19.1 9.5 3.2 9 4 33 0.016 0.010 0.003 9
2003 27.6 18.8 5.9 10 1 52 0.021 0.014 0.004 10
2004 42.8 16.9 5.7 9 6 67 0.032 0.013 0.004 9
2005 13.4 6.7 2.4 8 7 23 0.007 0.003 0.001 8
2006 0.8 13 0.4 9 0 3 0.001 0.001 0.0003 9
2007 6.5 4.4 1.8 6 1 14 0.005 0.003 0.001 6
2008 32.5 38.2 135 8 0 97 0.026 0.030 0.011 8
2009 0.9 2.1 0.6 12 0 7 0.001 0.001 0.0004 12
2010 1.5 1.2 0.4 11 0 4 0.001 0.001 0.0002 11
Upper Barton
1997 5.8 5.3 2.4 5 1 14 0.013 0.012 0.005 5
1998 1.9 13 0.4 9 0 4 0.004 0.003 0.001 9
1999 1.0 10.6 0.3 6 0 2 0.002 0.001 0.001 6
2000 5.0 3.5 2.0 3 3 9 0.011 0.008 0.004 3
2001 5.4 5.0 1.6 10 O 14 0.012 0.011 0.004 10
2002 5.0 3.6 1.1 10 O 12 0.011 0.008 0.003 10
2003 2.9 1.9 0.6 9 0 5 0.006 0.004 0.001 9
2004 7.3 4.5 1.6 8 1 14 0.016 0.010 0.004 8
2005 4.4 3.1 1.4 5 1 9 0.010 0.007 0.003 5
2007 5.3 5.1 1.7 9 0 13 0.010 0.010 0.003 9
2008 20.3 12.5. 6.3 4 3 30 0.051 0.036 0.018 4
2009 9.0 9.9 7.0 2 2 16 0.013 0.012 0.009 2
2010 28.1 27.0 8.1 11 4 100 0.043 0.042 0.013 11
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Table 4. Descriptive statistics of E. waterlooensis abundance and density in Eliza and Parthenia, Spring
for each year of record are listed below. n/a indicates that density cannot be calculated because exact
area surveyed was not recorded. Changes in habitat management associated with federal protection of
E. sosorum were implemented in 1997. Habitat reconstruction in Eliza Spring occurred in 2003, in
Parthenia Spring from 2004-2005.

Abundance (#) Density (#/sq ft)
Year Mean S.D. s.e. N Min. Max. Mean S.D. s.e. N
Eliza
1998 0 0 0 5 0 0 0 0 0 5
1999 0 0 0 9 0 0 0 0 0 9
2000 0 0 0 10 O 0 0 0 0 10
2001 0 0 0 8 0 0 0 0 0 8
2002 0 0 0 8 0 0 0 0 0 8
2003 0 0 0 10 O 0 0 0 0 10
2004 1.1 1.1 0.4 7 0 3 0.001 0.001 0.001 7
2005 0.9 1.7 0.6 9 0 5 0.001 0.005 0.001 10
2006 3.7 4.5 1.7 10 O 12 0.005 0.006 0.002 10
2007 1.2 1.1 0.4 10 O 3 0.002 0.001 0.0005 11
2008 1.0 4.5 0.4 12 O 4 0.001 0.002 0.001 12
2009 0.1 0.3 0.1 10 O 1 0.0001 0.0004 0.0003 10
2010 0 0 0 8 0 0 0 0 0 8
Parthenia

1998 0.2 0.5 0.2 10 O 1 0.0003 0.0005 0.0003 2
1999 0 0 0 10 O 0 0 0 0 10
2000 0 0 0 9 0 0 0 0 0 9
2001 0 0 0 7 0 0 0 0 0 7
2002 0.3 0.5 0.2 9 0 1 n/a n/a n/a n/a
2003 0.6 0.9 0.3 8 0 2 0.0003 0.0004 0.0002 5
2004 0.1 0.3 0.1 9 0 1 0.00005 0.0002 0.00005 9
2005 0.1 0.4 0.1 7 0 1 0.00005 0.0001 0.00005 7
2006 0.3 0.7 0.2 9 0 2 0.0001 0.0003 0.0001 9
2007 0.7 0.8 0.3 6 0 2 0.0003 0.0004 0.0002 6
2008 0.2 0.7 0.2 9 0 2 0.0001 0.0003 0.0001 9
2009 0.1 0.4 0.1 7 0 1 0.00003 0.0001 0.00003 7
2010 1.1 2.0 0.8 7 0 5 0.0003 0.0004 0.0002 7
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Table 5. Descriptive statistics of E. waterlooensis abundance and density in Old Mill and Upper Barton
Spring for each year of record are listed below. n/a indicates that density cannot be calculated because
exact area surveyed was not recorded. Changes in habitat management associated with federal
protection of E. sosorum were implemented in 1997. Habitat reconstruction in Eliza Spring occurred in
2003, in Parthenia Spring from 2004-2005.

Abundance (#) Density (#/sq ft)
Year Mean S.D. s.e. N Min. Max. Mean S.D. s.e. N
Old Mill
1998 1.2 1.1 0.5 5 0 2 0.001 0.001 0.0004 5
1999 0.3 1.0 0.3 9 0 3 0.0003 0.001 0.0003 9
2000 0.5 0.8 0.3 8 0 2 0.001 0.001 0.0004 8
2001 9.1 12.4 3.9 10 O 37 0.008 0.009 0.003 10
2002 9.1 6.5 2.2 9 1 21 0.007 0.005 0.002 9
2003 15.5 15.3 4.8 10 O 43 0.012 0.011 0.004 10
2004 8.8 5.3 1.8 9 0 16 0.007 0.004 0.001 9
2005 1.5 1.8 0.6 8 0 5 0.001 0.001 0.0005 8
2006 0.4 0.7 0.2 9 0 2 0.0003 0.001 0.0002 9
2007 0.2 0.4 0.2 6 0 1 0.0001 0.0003 0.0001 6
2008 1.8 2.4 0.9 8 0 6 0.001 0.002 0.001 8
2009 0 0 0 12 0 0 0 0 0 12
2010 0.1 0.3 0.1 11 0 1 0.00005 0.0002 0.00005 11
Upper Barton

1998- 0 0 0 83 0 0 0 0 0 83
2010
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Table 6. Spearman Rank correlation coefficients (p) and significance values (p) of habitat and E. sosorum
density in Eliza Spring from July 2003 through December 2010 are presented below. Mean * Standard
Deviation of each variable is also listed. Water and sediment depth are listed in inches, velocity in feet

per second.
Salamander Sediment Depth % Sediment

Variable Density Cover
Mean £ SD 348.9+274.5 0.68 £0.51 in. 36.2+£23.2
Flow Velocity p=0.067 p=-0.058 p=0.320
0.57 + 0.55 ft./sec. p=0.016 p=0.581 p=0.002
Water Depth p=-0.305 p=0.219 p=0.471
15.2+8.3in. p=0.024 p=0.002 p=0.0003
% Sediment Cover p=-0.166 p=0.173
36.2+£23.2 p=0.011 p=0.002
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Table 7. Mean, standard deviation (S.D.), and standard error (s.e.) of dissolved oxygen (DO) abundance
and density of each size class of E. sosorum in Eliza Spring from 2003 — 2010 before the severe drought,
during, and after the drought. Totals and values for each size class are included. Minimum (Min.) and
Maximum (Max.) salamander abundances and dissolved oxygen concentrations are also listed.

Abundance (#) Density (#/sq ft)

Eliza Mean S.D. s.e. N Min. Max. Mean S.D. s.e.

No Drought 7/03-5/08
Total 430.7 281.9 39.5 51 29 1234 0.54 0.36 0.05

Juvenile 116.7 1247 175 51 0 568 0.16 0.16 0.02
Young Adult 177.2 1231 174 50 14 535 0.22 0.16 0.02
Adult 1309 88.4 12.5 50 2 365 0.16 0.11 0.02

DO 5.08 0.88 0.14 39 435 7.64 n/a n/a n/a
H,0 Temp.(C°) 21.0 0.57 0.06 78 19.0 22.1 n/a n/a n/a

Drought 6/08-9/09
Total 253.4 211.1 5855 13 35 642 0.32 0.26 0.07
Juvenile 47.23 59.8 16.6 13 3 195 0.06 0.08 0.02
Young Adult 151.0 125.7 34.9 13 17 374 0.19 0.16 0.04
Adult 48.9 27.4 7.6 13 14 91 0.06 0.03 0.01
DO 4.30 0.34 0.10 12 3.88 5.03 n/a n/a n/a
H,O0 Temp.(C°) 21.5 0.17 0.05 15 21.2 21.8 n/a n/a n/a

No Drought 10/09-12/10
Total 193.2 1151 36.4 10 53 405 0.23 0.15 0.05
Juvenile 9.9 7.9 2.5 10 0 24 0.01 0.01 0.003
Young Adult 85.4 70.5 22.3 10 15 230 0.10 0.09 0.03
Adult 87.7 47.5 15.0 10 22 168 0.10 0.06 0.02
DO 6.48 0.78 0.25 10 5.6 8.12 n/a n/a n/a
H,O0 Temp.(C°) 20.6 1.11 0.31 13 184 219 n/a n/a n/a
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Table 8. Mean, standard deviation (S.D.), and standard error (s.e.) of dissolved oxygen (DO) abundance
and density of each size class of E. sosorum in Parthenia Spring from 2003 — 2010 before the severe
drought, during, and after the drought. Totals and values for each size class are included. Minimum
(Min.) and Maximum (Max.) salamander abundances and dissolved oxygen concentrations are also

listed.
Abundance (#) Density (#/sq ft)
Parthenia Mean S.D. s.e. N Min. Max. Mean S.D. s.e.
No Drought 7/03-5/08
Total 72.6 78.2 12.2 41 1 300 0.029 0.03 0.005
Juvenile 26.1 25.7 4.0 41 0 102 0.010 0.010 0.002
Young Adult 34.6 42.6 6.7 40 0 175 0.014 0.016 0.003
Adult 11.7 16.2 2.6 40 0 58 0.005 0.006 0.001
DO 6.02 0.71 0.11 41 457 7.44 n/a n/a n/a
H,0 Temp.(C°) 21.1 055 007 70 191 220
Drought 6/08-9/09
Total 116.1 136.5 43.2 10 5 447 0.054 0.057 0.018
Juvenile 45.5 66.6 21.1 10 0 204 0.020 0.027 0.009
Young Adult 55.0 58.3 18.4 10 3 199 0.027 0.027 0.008
Adult 11.9 13.0 4.1 10 0 36 0.005 0.006 0.002
DO 4.57 0.32 0.10 10 413 5.00 n/a n/a n/a
H,O Temp.(C°) 21.4 0.52 0.14 15 19.6 21.8 n/a n/a n/a
No Drought 10/09-12/10
Total 49.5 32.1 10.2 10 13 111 0.010 0.006 0.002
Juvenile 14.3 13.2 4.2 10 2 41 0.003 0.002 0.001
Young Adult 24.4 14.4 4.5 10 4 51 0.006 0.003 0.001
Adult 9.9 7.1 2.2 10 1 22 0.002 0.001 0.0005
DO 6.40 0.52 0.16 10 580 7.24 n/a n/a n/a
H,O0 Temp.(C°) 20.4 1.02 0.32 10 18.7 21.7 n/a n/a n/a
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Table 9. Mean, standard deviation (S.D.), and standard error (s.e.) of dissolved oxygen (DO) and

abundance and density of each size class of E. sosorum Old Mill Spring during drought and non-drought.
The droughts of 2006 and 2008 are pooled. Minimum (Min.) and Maximum (Max.) salamander

abundances, dissolved oxygen concentrations, and water temperatures are also listed.

Abundance Density (#/sq ft)
Old mill Mean S.D. s.e. N Min. Max. Mean S.D. s.e.
Droughts 10/05-10/06,
6/08-9/09
Total 4.1 14.4 29 25 0 71 0.003 0.013 0.003
Juvenile 1.2 4.7 0.9 25 0 23 0.001 0.004 0.001
Young Adult 2.2 7.7 1.5 25 0 38 0.002 0.007 0.001
Adult 0.7 2.1 0.4 25 0 10 0.001 0.002 0.0004
DO 426 2.12 041 27 1.04 9.07 n/a n/a n/a
H,0 Temp.(C°) 21.6 3.2 0.62 27 10.8 30.2 n/a n/a n/a
No Drought
7/03-9/05, 11/06-5/08,
10/09-12/10
Total 21.8 23.6 3.6 43 0 97 0.016 0.018 0.003
Juvenile 5.4 7.3 1.1 43 0 24 0.004 0.006 0.001
Young Adult 9.7 11.8 1.8 43 0 45 0.007 0.009 0.001
Adult 6.1 6.6 1.0 43 0 22 0.004 0.005 0.001
DO 5.83 0.65 0.07 83 4.3 7.56 n/a n/a n/a
H,0 Temp.(C°) 20.8 1.2 0.13 82 114 219 n/a n/a n/a
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Figure 1. Locations and fragmentation of springs of the Barton Springs Complex. Historic natural surface stream connections among

sites and inferred subterranean connections are shown in concrete structures are noted. Concrete obstructions to surface migration are
shown and include damsand a bypass culvert that carries creek water during baseflow and smaller floods around Barton Springs Pool.

The outflow stream from Eliza Spring was buried in 1929 but emptied into Barton Springs Pool; it has emptied into the bypass culvert
since 1974. The outflow stream from Old Mill Spring was buried in 1937, but, has been under was reconstruction since 1998.
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Figure 2. a. Evolutionary tree of North American Salamander groups. Branches are colored
according to the type of habitat in which most species of the group are found. Eurycea
sosorum and E. waterlooensis are members of Plethodontidae. (See text for references.). b.
Evolutionary Tree of Edwards Aquifer Eurycea. Three known syntopic species pairs are
emphasized below in larger font. Subterranean dwellers are in yellow, surface dwellers in
blue. The two species from Barton Springs are noted by BS, the two from San Marcos
Springs by SMS, the two from Comal Springs by CS. Cladogram modified from Wiens et
al. 2003.
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Figure 3. a) Eurycea sosorum Abundance 1995 - 2010. Black dots indicate when 0 salamanders were found. Gaps denote months
when no survey was conducted. b) Eurycea sosorum density from 2003 to 2010. Lines connect data points from consecutive monthly
surveys. Gaps indicate months when no survey was conducted.
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Figure 4. a.FEurycea sosorum abundance in Parthenia Spring and discharge from the Barton Springs complex from 1993 -
2010. Abundance is indicated with dots, discharge with a line. Dark gray dots indicate incomplete surveys. Discharge data
were collected by the U.S. Geological Survey. b.Eurycea sosorum density in Parthenia Spring. There are no density values
from 1998 to 2002 because exact size of survey area is unknown.

480
440
400
360
320
280
240
200
160
120

80

40

E. sosorum Abundance -

o

|
-
N
o

N
o
o

o
o

Discharge (cfs)

No. of Salamanders
N
(@]

N
o

LI B | I LI B | I LI B | I LI L I LI B | I T
(o))
o

o) OO © 9
LR oS e g@@@(}&b@w@@@@o %{5% (28@0 @® (?ch%odg) o OCO

SO/
IIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII

'93 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

o

o
N

E. sosorum Density

SN N VL

|
'93 1994 1995 1996 1997 I2003 2004 * 2005 2006 " 2007 " 2008 2009 " 2010

o
o .

- —
- o

o
o
(&)

Number / sq. ft.

o




a.

Number of Salamanders

s

No./square foot

Figure 5. a. Eurycea sosorum abundance in Old Mill Spring from 1995 through 2010. Black dots indicate when 0 salaman-
ders were found. Data points from consecutive monthly surveys are connected by lines. b. Eurycea sosorum density in Old
Mill Spring from 1995 to 2010. Lines connect points from consecutive monthly surveys.
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Figure 6. a. Eurycea sosorum abundance in Upper Barton Spring from 1997 through 2010. Black dots indicate when 0 sala-
manders were found. b. Eurycea sosorum density in Upper Barton Spring from 1997 through 2010. Periods when there was
no water at the surface are listed and denoted by brown boxes along the abscissa.
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Figure 7. Eurycea waterlooensis abundance in all three perennial spring sites from 1998 to 2010. This species has never
been found in Upper Barton Spring.
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Figure 8. Recruitment of Eurycea sosorum from 2003 - 2010 in each spring site. Green line shows
monthly in abundance of juvenile salamanders, blue line of young adults, and black line of adults.
Abundance of juveniles is significantly correlated with young adults three months later, andoung

adult abundance is significantly correlated with adults three months later in all sites except Upper

Barton Spring.
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Figure 9. a. Abundance of each size class of Eurycea waterlooensis in Old Mill and Parthenia springs
from 1998 through 2010. Parthenia salamanders are indicated by boxes, Old Mill salamanders by dia-
monds. Juveniles are represented by green symbols, young adults by blue symbols, adults by solid
black symbols, young adults and adults combined by open black symbols. b. Abundances of each size
class of Eurycea waterlooensis salamander in Eliza Spring from 2004 - 2010.
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Figure 10. Effects of Drought on dissolved oxygen in a, Eliza and b, Parthenia springs. Shown
below are discharge (DIS) from the Barton Springs complex, dissolved oxygen concentration
(DO), and adult (>1" TL) and juvenile (< 1" TL) E. sosorum abundance from 2003 to 2010.
Open diamonds indicate when DO was augmented. The most recent drought is indicated by the
brown bar along the x-axis. Gray horizontal bars indicate lethal concentration thresholds for dis-
solved oxygen from Woods et al. (2010).
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