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Texas wild-rice (photo by John Thomaides)

Executive Summary
In 2007, the 80th Texas Legislature passed Senate Bill 3 which, among other items,
formalized the Edwards Aquifer Recovery Implementation Program. The legislation
requires a group of stakeholders in a Steering Committee to develop a Program
Document. The Program Document provides recommendations for withdrawal
adjustments to protect threatened and endangered species at all times and includes
provisions to pursue funding for programs to achieve that goal.
The Steering Committee is served by several subcommittees, one of which is the
Edwards Aquifer Area Expert Science Subcommittee. Senate Bill 3 requires the
formation of the Expert Science Subcommittee, its members appointed by the Steering
Committee. The Expert Science Subcommittee’s initial primary charges from the
Steering Committee were to (1) evaluate designating a San Marcos Pool, (2) evaluate the
necessity of maintaining minimum spring flows, and (3) evaluate whether adjustments to
drought triggers for San Marcos Springs should be made. The Steering Committee, in a
memo dated February 21, 2008, provided additional guidance and clarifications of the
initial three charges.
Regarding the first charge, to evaluate designating a San Marcos Pool, the subcommittee
was specifically asked to evaluate the option of designating a separate San Marcos Pool,
how such a designation would affect existing pools, and the need for an additional well(s)
to measure the San Marcos Pool (if designated). We do not believe that there are
sufficient data at this time to support the designation of a separate San Marcos Pool or to
define its boundaries.
To reach these conclusions, we first identified what data and modeling currently exist and
if there was enough detailed information to designate a separate San Marcos Pool. We
considered the importance of hydrogeologic conceptualization, flowpath considerations,
recharge assessments, water-balance estimates, water-chemistry analyses, and hydraulic
v

correlation analyses on the designation of a separate San Marcos Pool in the San Antonio
Segment of the Edwards Aquifer. We further evaluated the hydrogeology of the study
area using results from existing numerical models and assessed the data and analyses to
identify data gaps.
Hydrogeological conceptualizations, defined and inferred flowpaths, and water balance
calculations of the Edwards Aquifer have been developed by multiple researchers.
Though complex and sometimes conflicting, these studies generally indicate that portions
of the Edwards Aquifer contributing significantly to San Marcos Springs extend beyond
Hays and Comal counties. San Marcos Springs is more reliant on distant, rather than
local, water sources within the aquifer to sustain springflow during drought. Waterchemistry analyses of discharges from multiple San Marcos Springs orifices indicate
contributions from both recent, local recharge and older, regional recharge. Hydraulic
correlation analyses show Comal Springs discharges are highly correlated with water
levels in the Bexar County Index Well (J-17) and that San Marcos Springs discharges are
correlated with Comal Springs discharges, despite some temporal anomalies at San
Marcos Springs, likely caused by differences in local and regional recharge and storage
recovery rates during the drought of 2006 and other droughts.
In short, the “unknowns” significantly outnumber the “knowns” when it comes to
understanding the recognized hydrogeologic features and effects—much less the
unrecognized controls—on groundwater levels and springflow associated with San
Marcos Springs. From a scientific standpoint, we felt that at this time, we could not
recommend segregation of the larger San Antonio Pool until the relationships among
rainfall, recharge, and downgradient water levels and springflow become more
predictable. In other words, a more complete understanding is required of the various
elements of the hydrogeologic framework that control the flow and storage of
groundwater in different segments of the Edwards aquifer. To improve this
understanding, the subcommittee recommends several studies on hydrogeology and
modeling.
On the second charge regarding the necessity of maintaining minimum spring flows, we
believe that minimum spring flows are required within the context of a system flow
regime for the survival and recovery of each species listed under the Endangered Species
Act identified in Section 3.2 of the Edwards Aquifer Recovery Implementation Program
Memorandum of Agreement. A system flow regime includes low flows, normal flows,
and higher flows, each of which supports key ecological functions. We contend that
minimum spring flows within the context of a system flow regime are important to both
survival and recovery of these species. Minimum spring flows are vital to maintain
conditions suitable for individuals of a species to continue to exist for some period (that
is, survive). Minimum spring flows also play a role in genetic strengthening which
serves a purpose in the recovery of a species.
To support this conclusion, we examined the available biological information for these
species within the context of the hydrological regime present in the San Marcos and
Comal rivers. These systems consist of relatively constant spring flow which provides
unique, stable habitat within the aquifer and for some distance downstream. Flow has a
direct effect on the amount of habitat available to these species. The hydraulic features of
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flow (depth and velocity), along with channel, aquatic vegetation, and substrate,
contribute directly to physical habitat features of these systems. The rate of spring flow is
also an important factor in determining the longitudinal extent of suitable conditions for
water temperature, carbon dioxide, nutrient distribution, and other water quality
constituents. Additionally, the natural timing, frequency, duration, and magnitude of
spring flows are important in controlling invasive and non-native species.
Secondly, we concluded that, at this time, no proven alternatives exist as a replacement
for minimum flows (for example, something other than flow) as discussed in this report;
however, potential management strategies involving flow have been proposed, and we
recommend that these strategies be further evaluated. Potential management strategies
involving flow, such as spring flow augmentation, recirculation, and artificial recharge,
may be proven in the future to maintain or enhance minimum flows and thus maintain the
biological community.
The use of refugia has been proposed by stakeholders and was characterized as an
alternative for consideration in this report. However, we concluded that, although refugia
play a vital role in the protection of threatened and endangered species, refugia are not
viable or effective alternatives to maintaining minimum flows. Additionally, the policy
regarding controlled propagation of species listed under the Endangered Species Act
states that “Controlled propagation is not a substitute for addressing factors responsible
for an endangered or threatened species’ decline”. As no alternatives were identified as a
replacement for minimum flows, the additional studies evaluation focuses on ways to
enhance ex-situ or captive propagation via applied research and to explore in-situ refugia
within these spring systems.
Our third charge was to evaluate whether or not the critical period management triggers
for San Marcos Springs for the San Antonio Pool should be adjusted. We believe that
trigger levels for San Marcos Springs should not be adjusted at this time. In reaching this
conclusion, we examined the critical period management triggers for San Marcos Spring
in context with other triggers by evaluating data provided by the Edwards Aquifer
Authority for San Marcos Springs flow from 1980 to 2007. The data was processed to
isolate information for when flows in San Marcos Springs, water levels in Index Well J17, and flows in Comal Springs hit their different critical period management triggers for
declining and increasing water levels and springflows. Evaluating this data in context
with triggers contained in Senate Bill 3, 80th Texas Legislative Session, show that the
current trigger for flow at San Marcos Springs would occasionally precede the triggers
for Index Well J-17 and Comal Springs going into critical period drought and would
occasionally lag Index Well J-17 and Comal Springs when coming out of critical period
drought. In addition, review of results from modeling done by others of the current
critical period triggers indicate that the triggers do not prevent the cessation of flow at
Comal Springs during a repeat of the drought of record; however, these triggers do
preserve flow at San Marcos. Given that the triggers may be revisited as part of the
recovery implementation program and our current lack of understanding of flow with
respect to San Marcos Springs found under our first task, at this time we are not able to
recommend an adjustment to the critical period management triggers for San Marcos
Springs.
vii
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Comal Springs in 2008 (photo by Steven Bereyso)

Introduction
The Edwards Aquifer is recognized as a vital water resource for a multitude of
agricultural, environmental, industrial, municipal, and recreational uses. Several springs,
namely Comal Springs and San Marcos Springs, provide habitat for a number of
endangered species protected under the federal Endangered Species Act. After a lawsuit
and the specter of federal control of the aquifer, the Texas Legislature created the
Edwards Aquifer Authority to regulate pumping in the aquifer and to ensure that, by
December 31, 2012, endangered and threatened species are protected.
In 2007, the Texas Legislature passed Senate Bill 3 which, among other items, formalized
the Edwards Aquifer Recovery Implementation Program. The legislation requires a group
of stakeholders in a Steering Committee to develop a Program Document. The Program
Document provides recommendations for withdrawal adjustments to protect threatened
and endangered species at all times and includes provisions to pursue funding for
programs to achieve that goal. The document may be in the form of a Habitat
Conservation Plan used in the issuance of an Incidental Take Permit. The Edwards
Aquifer Authority, the Texas Commission on Environmental Quality, the Texas Water
Development Board, and the U.S. Fish & Wildlife Service have to approve and execute
the Program Document no later than September 30, 2012, with the document going into
effect by December 31, 2012.
The Steering Committee is served by several subcommittees, one of which is the
Edwards Aquifer Area Expert Science Subcommittee. Senate Bill 3 requires the
formation of the Expert Science Subcommittee, its members appointed by the Steering
1

Committee (see Appendix A for information on the formation and operation of the
subcommittee). The Expert Science Subcommittee’s initial charges are to (1) evaluate
designating a San Marcos Pool, (2) evaluate the necessity of maintaining minimum
spring flows, (3) evaluate whether adjustments to flow triggers for San Marcos Springs
should be made, and (4) submit the recommendations to the Steering Committee and all
other stakeholders involved in the Recovery Implementation Program by December 31,
2008 (Appendix B). The Expert Science Subcommittee is also required, at a later date, to
(1) analyze species requirements for spring flow and aquifer levels as a function of
recharge and withdrawal levels and (2) develop recommendations for withdrawal
reductions for critical period management.
The Steering Committee, in a memo dated February 21, 2008, charged the Expert Science
Subcommittee with the initial charges listed above and provided additional guidance and
clarifications of those initial charges (Appendix C). These charges, with minor editing to
break them into subtasks, were:
Task 1: The option of designating a separate San Marcos Pool, of how such a
designation would affect existing pools, and of the need for an additional
well(s) to measure the San Marcos Pool (if designated).
1.1

Identify the data and modeling that exist regarding whether a
separate San Marcos Pool should be designated.

1.2

Are the data sufficient to support the designation of a separate San
Marcos Pool?

1.3

Provide an evaluation of the hydrogeological evidence and identify
the data gaps.

1.4

If there are data to support the designation of such a pool, what
should be the extent and boundaries of such pool?

1.5

To what extent is this pool hydrologically independent?

1.6

Is there a need for an additional well or additional wells to measure
the San Marcos Pool, if one were designated? If so, what is the
most effective location for such well(s)?

1.7

The evaluation of this issue should include consideration of
information provided by the members of the Recovery
Implementation Program.

Task 2: The necessity to maintain minimum spring flows, including a specific
review of the necessity to maintain a flow to protect the federally threatened
and endangered species.
2.1

Is a minimum spring flow required for the survival and recovery of
each species listed under the Endangered Species Act identified in
Section 3.2 of the Memorandum of Agreement for the Edwards
Aquifer Recovery Implementation Program (Appendix D)?

2.2

If alternatives exist to minimum flows that may not reduce
appreciably the likelihood of the survival and recovery in the wild
2

by reducing the reproduction, numbers, or distribution of each
species listed under the Endangered Species Act identified in
Section 3.2 of the Memorandum of Agreement for the Edwards
Aquifer Recovery Implementation Program (Appendix D),
identify and provide a preliminary evaluation of those alternatives
to protect those federally listed species.
2.2.1

Your consideration of alternatives should include an evaluation of
information provided by members of the Edwards Aquifer
Recovery Implementation Program on this issue.

2.2.2

Your consideration of alternatives also should be mindful of
impacts on protected species other than those species listed under
the Endangered Species Act identified in Section 3.2 of the
Memorandum of Agreement for the Edwards Aquifer Recovery
Implementation Program (Appendix D).

2.3

Identify existing studies regarding the ability of each alternative
other than maintaining minimum spring flows to protect federally
threatened or endangered species. Identify additional studies or
data needed to fully evaluate each of these alternatives, including
an estimate of the time and cost to conduct such studies, and any
different alternatives that might be explored in the future.

2.4

Investigate spring flow volume measurement methodologies
currently in use and evaluate their accuracy. If any are deemed to
be inadequate, suggest alternative measuring methods.

Task 3: Whether adjustments in the trigger levels for the San Marcos Springs
flow for the San Antonio Pool should be made.
3.1

Should the trigger levels for the San Antonio Pool based on San
Marcos spring flow be adjusted? Identify the existing data
available to develop recommendations regarding such adjustments
and what additional information will be necessary to make such
recommendations.

3.2

Investigate spring flow volume measurement methodologies
currently in use and evaluate their accuracy. If any are deemed to
be inadequate, suggest alternative measuring methods.

The purpose of this document is to report on these initial charges.
This report is organized according to the tasks listed above. Under each subtask, we list
our recommendation followed by our interpretation of the subtask, the information we
considered, and our analysis. Supporting documentation is included in the appendices.
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Spring Lake at San Marcos Springs in 1901 (from Taylor 1904)

Task 1: Are the data sufficient to designate a San Marcos
Pool?
Recommendation: The Edwards Aquifer Area
Expert Science Subcommittee does not believe that
there are sufficient data at this time to support the
scientific designation of a separate San Marcos Pool
for aquifer management.

Our interpretation of the task
This task is focused on whether or not the current science and modeling is sufficient to
designate a San Marcos Pool.
One of the key questions we had to answer was: What is a pool? "Pool" is not defined in
the enabling act or the rules of the Edwards Aquifer Authority; however, pools are
referred to in these documents. The authority's enabling legislation and rules refer to an
Uvalde Pool and a San Antonio Pool, and the enabling act (Section 1.14(g)) states that
"[t]he authority by rule may define other pools within the aquifer, in accordance with
hydrogeologic research, and may establish index wells for any pool to monitor the level
of the aquifer to aid the regulation of withdrawals from the pools.”
Although the term "pool" is not explicitly defined in statute or rule, we can discern
certain elements of what a pool is and what designation means through examining the
4

currently designated pools. Being designated as a pool does not infer hydrologic isolation
from the rest of the aquifer as the Uvalde and San Antonio pools are hydrologically
connected. The Uvalde Pool is defined as the part of the aquifer that underlies Uvalde
County, and the San Antonio Pool is defined as the part of the aquifer that is within the
bounds of the authority but outside of Uvalde County. The Knippa Gap, a hydrologic
constriction in the groundwater flow from the western part of the aquifer to the eastern
part, lies close to the line between Uvalde County and Medina County.
From a management perspective, a pool designation may affect permitting and critical
period management, as seen in the statute and rules for the two existing pools. Therefore,
we define a pool as a management construct supported by hydrogeologic data and
descriptions that assist in managing the aquifer.

Why is this task important?
In 2006, after substantial rainfalls in some recharge basins, water levels in Index Well J17 and flow from Comal Springs rebounded above their critical period management
triggers while flow at San Marcos Springs remained below those triggers for an
additional 125 days. Groundwater users in the San Antonio Pool were not allowed to
reduce their pumping restrictions until Index Well J-17, Comal Springs, and San Marcos
Springs all were above their respective triggers. This behavior in 2006 (Figure 1) as well
as at other times in the past, has caused some to wonder whether or not a San Marcos
Pool should be designated. A separate pool designation with separate triggers may allow
some groundwater users outside of a San Marcos Pool to return to a lower, less
restrictive, critical period withdrawal reduction stage while groundwater users within a
San Marcos Pool area would remain at the higher withdrawal reduction stage until flow at
San Marcos Springs exceeded a specified trigger level. A separate pool designation could
also allow the Edwards Aquifer Authority to pass more stringent rules to protect the flow
at San Marcos Springs.

Our approach for addressing the task
To address this task, we identified, reviewed, and discussed relevant literature and reports
(noted below in the discussion) and listened to presentations by invited experts
(Appendix E). Presentations relevant to our analysis included those by Geary Schindel of
the Edwards Aquifer Authority on the Authority’s report on the San Marcos Pool
question; Charles Kreitler of LBG-Guyton Associates on his company’s recent reports to
the Authority on moving pumping locations to the east of Cibolo Creek and on
augmenting spring flow; Rick Lindgren of the U.S. Geological Survey on his modeling
work; Larry Land of HDR Engineering on recharge estimates and his work for the
Guadalupe-Blanco River Authority on the effects on spring flow from the pumping of a
power plant well near Comal Springs during the 1950s and the groundwater divide
between San Marcos and Barton springs; and George Ozuna of the U.S. Geological
Survey on spring flow measurements at Comal and San Marcos springs. The important

5

Figure 1:

Comparison of Index Well J-17 water levels with Comal and San Marcos
springflows for the period between November 2004 and February 2007
(from Johnson and Schindel 2008; cfs = cubic feet per second; ft msl =
feet above mean sea level).

questions we sought to address were (1) Do we have a sufficient understanding of the
geology and hydrodynamics of this part of the Edwards Aquifer to designate a separate
pool for aquifer management? and (2) If we don’t have enough information, what
addition information is needed?

Task 1.1:

Identify the data and modeling that exist regarding whether a
separate San Marcos Pool should be designated

We used data and analyses from the following studies in our evaluation:
•

DeCook (1963),

•

Rose (1972);

•

Pearson and others (1975),

•

Guyton (1979),

•

Maclay and Small (1984),
6

•

Ogden and others (1986),

•

Rothermel and Ogden (1986, 1987),

•

Deike ( 1990),

•

HDR Engineering (1991),

•

HDR Engineering (1993),

•

Hovorka and others (1993),

•

Maclay (1995),

•

Barker and Ardis (1996),

•

Groschen (1996),

•

Hovorka and others (1998),

•

HDR Engineering (2002),

•

Slade and others (2002),

•

LBG-Guyton Associates (2004),

•

LBG-Guyton Associates (2005),

•

Otero (2007), and

•

Johnson and Schindel (2008).

The most relevant modeling work that related to this task included:
•

Klemt and others (1979),

•

Maclay and Land (1988),

•

Thorkildsen and McElhaney (1992),

•

Lindgren and others (2004), and

•

Lindgren (2006).

These studies are discussed under Task 1.3.

Task 1.2:

Are the data sufficient to support the designation of a separate
San Marcos Pool?

At this time, the Edwards Aquifer Area Expert Science Subcommittee does not believe
that there are sufficient data to support the designation of a separate San Marcos Pool.
The support for this recommendation is discussed in the following sections.
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Task 1.3:

Provide your evaluation of the hydrogeological evidence and
identify the data gaps.

To address this task, we carefully reviewed the documents noted under Task 1.1. For
data and analyses, we considered the importance of the following on the designation of a
separate San Marcos pool in the San Antonio segment of the Edwards Aquifer:
•

hydrogeologic conceptualization,

•

flowpath considerations,

•

recharge assessments,

•

water-balance estimates,

•

water-chemistry analyses, and

•

hydraulic correlation analyses.

We further evaluated the hydrogeology of the study area using results from the numerical
models. We then used a comprehensive assessment of these data and analyses to identify
perceived data gaps.
Hydrogeologic conceptualization
The area within the Edwards Aquifer considered for a separate San Marcos Pool lies
within an extensively faulted and highly anisotropic and heterogeneous portion of the
aquifer known as the Balcones Fault Zone (Rose 1972; “anisotropic” means that the
aquifer has different flow properties depending on the direction of flow). The Balcones
Fault Zone is characterized by a network of en echelon, high-angle, mostly down-to-theeast normal faults along the northwestern margin of the Gulf Coastal Plain (Maclay and
Small 1984; “en echelon” means parallel or subparallel, closely spaced, and overlapping).
Within the roughly 200-mile-long (320-kilometer-long) Balcones Fault Zone structural
corridor, the carbonate strata were vertically displaced, intensively fractured, and
differentially rotated within a series of southwest-to-northeast trending fault blocks
(Barker and Ardis 1996).
The groundwater flowpaths that converge toward and ultimately determine the conditions
at Hueco, Comal, and San Marcos springs must traverse structurally controlled and
diagenetically altered pathways (Deike, 1990; “diagenetically altered” means alterations
to the rock after it was deposited; in the case, dissolution). Factors that determine the
internal configurations of the flowpaths—such as matrix porosity and permeability
(Hovorka and others 1993, 1998), fractures, and karst conduits (Worthington 2003)—
result from depositional, structural, diagenetic, and hydrologic imprints that have evolved
since the Cretaceous Period, over the last 80 million years of geologic time.
The effect of geologic structure on groundwater flow near Hueco, Comal, and San
Marcos springs is not fully understood. The alternating sets of nearly vertical, en echelon
faults have been assumed to act as barriers to flow in some places and as conduits that
enhance flow in other locations (Guyton 1979, Maclay and Land 1988). Faults can focus
flow along the fault zone, for example, where zones of greater porosity and permeability
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are developed around the fault zones. Conversely, faults may provide the flowpath that
allows groundwater to move vertically between aquifer members or from a confined
aquifer to a spring at ground surface. Large-displacement faults at Comal Springs and
San Marcos Springs are examples of groundwater flow along faults.
Faults could become barriers to flow, however, where groundwater is prevented from
flowing perpendicular to the faults. The barrier might form where the fault offsets blocks
of the aquifer. The aquifer becomes discontinuous across the fault because of vertical
displacement of the fault.
In addition, conduits exist that cut across faults. Recent tracer studies by the Edwards
Aquifer Authority in northern Bexar County (Johnson and others, in review) show that
conduits can be superimposed on the structurally controlled fault blocks, and that flow
can readily cross between fault-bounded blocks where conduits have developed. The
mean velocity of flow in conduits in northern Bexar County is approximately 1,120 feet
per day (341 meters per day), with a maximum measured apparent velocity of more than
15,000 feet per day (4,570 meters per day) (Johnson and others, in review), much higher
than flow velocities in the matrix porosity of the aquifer.
As groundwater flows toward Comal, Hueco, and San Marcos springs, groundwater flow
may be focused within fault-bounded blocks but the role of flow in conduits that cross
between fault-bounded blocks of the aquifer is still being evaluated by tracer tests. Otero
(2007) and Johnson and Schindel (2008) provide the most current conceptual models of
the fault blocks as they affect groundwater flow. These two studies focus on slightly
different geographical areas and use different nomenclature to define the fault blocks.
Otero (2007) extended her study southwest to Leon Creek while Johnson and Schindel
(2008) limited their evaluation to that portion of the San Antonio Segment of the
Edwards Aquifer located northeast of Cibolo Creek.
Otero (2007) identified three fault blocks designated in terms of groundwater flow as the
Northern, Central, and Southern Comal flowpaths (Figure 2). The Southern Comal
Flowpath is bounded on the northwest by the Comal Springs Fault and on the southeast
by a freshwater/saline-water interface (Schultz 1994), where the concentration of
dissolved solids exceeds 1,000 milligrams per liter. Although the interface is not
everywhere coincident with physical barriers to flow, a major effect of the Comal Springs
Fault is a resistance to the encroachment of saline water from the southeast.
Johnson and Schindel (2008) identified four fault blocks—Bat Cave, Hueco Springs,
Comal Springs, and Artesian fault blocks—in Hays and Comal counties (Figure 3). The
Bat Cave Fault Block receives water both from vertical infiltration in the fault block and
lateral groundwater flow from the Trinity Aquifer where the Bear Creek Fault (Figure 2)
juxtaposes the Trinity Aquifer against the Edwards Aquifer (Otero 2007, Johnson and
Schindel 2008). As only the basal part of the Edwards Aquifer is present in the Bat Cave
Fault Block, the flow and storage of groundwater is relatively limited in this updip,
unsaturated-to-thinly-saturated part of the aquifer (“updip” means the upper part of a
slanted geologic bed; in this context, it means up toward the recharge zone).
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Figure 2:

Locations of hypothesized groundwater flowpaths, northeastern Bexar and
southern Comal counties, Texas (from Otero 2007).
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Figure 3.

Locations of fault blocks in the Edwards Aquifer in Comal and
southwestern Hays counties (from Johnson and Schindel 2008).

In addition to the Bat Cave Fault Block, the Edwards Aquifer recharge zone lies in large
parts the Hueco Springs Fault Block and smaller parts of the Comal Springs Fault Block.
Although saturated thicknesses in the Hueco Springs and Comal Springs fault blocks are
highly variable, they generally are greater than a few tens of feet (a few meters),
particularly during wet,high-stage periods. The Edwards Aquifer is fully saturated in the
Artesian Fault Block, which comprises the hydraulically confined part of the Edwards
Aquifer in this area (Johnson and Schindel 2008).
The distributions of recharge and discharge are overriding controls on the distribution of
groundwater in the Edwards Aquifer (Puente 1978). Recharge areas occur where the
Edwards Aquifer receives water, where the aquifer is receptive to the infiltration of
precipitation, vertical leakage through streambeds, and/or cross-formational flow from
adjacent aquifers. Discharge areas are characterized by places on or near the land surface
where water escapes through springs, seeps, or base flow to streams or as a result of
evaporation, transpiration, and/or pumping. Aquifers can also discharge water to other
aquifers or aquitards via subsurface cross-formational flow (in this context, “aquitard”
refers to geologic formations that transmit water much more slowly than the aquifer).
Most recharge to the aquifer occurs west of Bexar County in Kinney, Uvalde, and
Medina counties where streams originating north of the aquifer lose most or all of their
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discharge as they flow over the highly fractured, permeable outcrop of the Edwards
Aquifer. Additional water from precipitation enters the aquifer through recharge areas in
updip, unconfined parts of the aquifer in Bexar, Comal, and Hays counties. After
recharge enters the aquifer, groundwater moves in a generally eastward direction toward
points of discharge that consist mainly of natural springs and irrigation and municipal
(water-supply) wells. As the freshwater flowpaths approach the updip edge of a
freshwater-saline water interface (Schultz 1994), groundwater is diverted toward the
northeast along the northwestern limits of freshwater (Figure 4). Water that does not
discharge to springs or wells in Kinney, Uvalde, Medina, or Bexar counties continues
generally northeastward through conduits or alongside northeast-trending faults toward
discharge points in Comal and Hays counties, primarily Comal and San Marcos springs.

Figure 4:

General directions of groundwater flow in the Edwards Aquifer between
upgradient recharge areas and downgradient discharge areas (from Harden
1988, Figure 9).

A broad and changeable groundwater divide near Kyle (roughly 12 miles [19 kilometers]
northeast of San Marcos Springs) is commonly used to separate the San Antonio Segment
of the Edwards Aquifer from the Barton Springs Segment of the aquifer (LBG-Guyton
Associates 1994, Scanlon and others 2002). However, the shifting nature of this
groundwater “boundary” (Lindgren and others 2004) and its seemingly ephemeral
existence during severe droughts (Land and Lemonds 2008) seems to preclude its use as a
specific defining feature to distinguish between a separate San Marcos Pool and the
Barton Springs Segment of the Edwards Aquifer.
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Flowpath considerations
Groundwater flowpaths to Hueco, Comal, and San Marcos springs are significantly
influenced by structural fault blocks as well as by conduits. An additional complexity is
that these flowpaths may vary during high or low water level conditions. Otero (2007)
combines flow in the Bat Cave and Hueco Springs fault blocks into the Northern Comal
Flowpath. Flow in the Comal Springs Fault Block and flow to the southeast of the Comal
Springs Fault are identified by Otero (2007) as the Central Comal and Southern Comal
flowpaths, respectively. In comparison, Johnson and Schindel (2008) designate separate
flowpaths for four fault blocks (the Bat Cave, Hueco Springs, Comal Springs, and
Artesian fault blocks).
Johnson and Schindel (2008) interpret that groundwater flow is to the northeast in all four
fault blocks (Figure 3). Conversely, Otero (2007) interprets groundwater flow in the
southwestern end of the Central Comal Flowpath (designated as the Hueco Springs Fault
Block by Johnson and Schindel [2008]) to be to the southwest. Elsewhere, Otero (2007)
interprets that groundwater flow is to the northeast (Figure 5).
An unknown amount of water from the Northern Comal Flowpath is interpreted by Otero
(2007) to migrate into the confined zones of the Central Comal Flowpath across the
Hueco Springs Fault where it does not completely offset the Edwards Aquifer. Johnson
and Schindel (2008) assert that much of the groundwater in the Bat Cave and Hueco
Springs fault blocks likely discharges at Hueco Springs and that most of the water in the
Comal Springs Fault Block discharges at San Marcos and Comal springs. Water in the
Comal Springs Fault Block that does not discharge at either Hueco or Comal springs
continues north-eastward toward San Marcos Springs. During low flow (low recharge)
periods, Hueco Springs probably captures most of the water in the Hueco Springs Fault
Block because water level elevations in the Hueco Springs Fault Block are lower than the
elevation of San Marcos Springs.
Groundwater in the Artesian Fault Block flows to the northeast only as far as a point
several miles (several kilometers) east of Comal Springs. LBG-Guyton Associates (2004)
noted that the quality of water in the Artesian Fault Block has significantly higher total
dissolved solids beyond this point. Otero (2007) attributes the change in water quality and
direction of flow to a northwest trending fault that closes off northward flow within the
Comal Springs Fault Block (Figures 3 and 5). Johnson and Schindel (2008) note that the
water level in the Artesian Fault Block is mostly greater than in the Comal Springs Fault
Block suggesting that groundwater flow is from the Artesian Fault Block to the Comal
Springs Fault Block at this point (Figure 6). Johnson and Schindel (2008) state that the
groundwater flow regime illustrated in Figure 6 is active during both normal flow (200 to
300 cubic feet per second [5.7 to 8.5 cubic meters per second] discharge at Comal
Springs) and low flow (less than 100 cubic feet per second [2.8 cubic meters per second]
at Comal Springs) conditions.
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Figure 5:

Main geologic structural features in the Comal Springs area including a
northwest-trending fault located east of Comal Springs (modified from
Otero 2007).
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Figure 6:

Groundwater flow in the Artesian and Comal Springs fault blocks (from
Johnson and Schindel 2008; cfs = cubic feet per second; ft msl = feet
above mean sea level).

Johnson and Schindel (2008) note that water from the Artesian Fault Block enters the
Comal Springs Fault Block when Comal Springs discharge is less than 100 cubic feet per
second (2.8 cubic meters per second), bypassing Comal Springs and flowing to San
Marcos Springs. This conceptual model explains why San Marcos Springs continued to
flow during the drought of 1956 although flow at Comal Springs ceased. Johnson and
Schindel (2008) speculate that cross-formational flow from the Trinity Aquifer
contributes to San Marcos Springs discharge during periods of low flow. There is
probably also cross-formational flow from the Trinity Aquifer into the Edwards Aquifer
during high flows (Mace and others 2000). During periods with high water levels
(abundant recharge), groundwater flows to the northeast and discharges in some
proportion to both Hueco Springs and San Marcos Springs (Johnson and Schindel 2008).
There are two primary sources of water that discharge from the numerous springs at
Comal Springs (LBG-Guyton Associates 2004). Spring #1 (Main Spring), Spring #2
(Panther Canyon Spring), and Spring Run #3 discharge from the upthrown (or Comal
Springs Fault) block. Much of the Comal Springs discharge, however, comes from the
bottom of Landa Lake (LBG-Guyton Associates 2004). About 75 percent of the total
spring flow from Comal Springs is from the downthrown (or Artesian Fault) block in the
bottom of the lake.
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During the drought of the 1950s, springs that issued from the upthrown (or Comal
Springs Fault) block (Springs #1, #2, and #3) stopped flowing when water levels in the
upthrown block dropped below the elevations of the individual spring orifices (LBGGuyton Associates 2004). Interestingly, water levels in the downthrown (or Artesian
Fault) block remained above the elevation of the springs as they went dry, again
indicating that springs #1, #2, and #3 are sourced from the upthrown block.
The Lower Colorado River Authority well, also known as the Comal Plant #3 Well, was
drilled into the downthrown block at a position less than half a mile (0.8 kilometer) south
of Landa Lake. The Lower Colorado River Authority started pumping this well at about
5,000 gallons per minute (0.3 cubic meters per second) in June 1956. Water levels in
Landa Lake quickly started dropping and the lake almost went dry during the summer
(LBG-Guyton Associates 2004). Under such conditions, water levels in the Comal
Springs Fault Block are lower than the elevation of the Comal Springs orifices for spring
runs #1, #2, and #3. During periods of low flow, Comal Springs is fed entirely or mostly
by water from the Artesian Fault Block (Southern Comal flowpath) (LBG-Guyton
Associates 2004).
San Marcos Springs depends on several sources of recharge (Johnson and Schindel 2008,
LBG-Guyton Associates 2004). A significant component comes from the southwest
through the Comal Springs Fault Block (Johnson and Schindel 2008). According to
Guyton (1979), between 55 and 60 percent of the water that discharges from San Marcos
Springs is water that by-passed (did not discharge at) Comal Springs. Recharge
assessments described in the following section indicate that a long-term average of 35 to
45 percent of the water that discharges from San Marcos Springs is water that by-passed
Comal Springs. In drought years during which San Marcos Springs discharge averages
less than 100 cubic feet per second (2.8 cubic meters per second), these recharge
assessments indicate that 45 to 80 percent of the water that discharges from San Marcos
Springs is water that by-passed Comal Springs. Johnson and Schindel (2008) concluded
that, under high-flow conditions, water not discharging from Hueco Springs continues
northeastward through the Hueco Springs Fault Block and that “any” water crossing the
Hueco Springs Fault “probably flows northeast toward San Marcos Springs.” San Marcos
Springs is also sustained by water moving southeastward from the recharge area in
southern Hays County (Maclay and Small 1984).
According to Johnson and Schindel (2008), local sources of recharge such as Purgatory
Creek, York Creek, and the Blanco River may contribute up to 35 percent of the flow at
San Marcos Springs. Recharge estimates from modeling efforts (LBG-Guyton Associates
2005) indicate that these specified local sources likely contribute between 60 to 70
percent of the long-term average discharge from San Marcos Springs.
The difference in hydrographs for Comal and San Marcos springs suggests the two
springs are not fully correlated (LBG-Guyton Associates 2004). LBG-Guyton Associates
(2004) interpreted this to indicate separate water sources: (1) a local source, which may
be from the Blanco recharge basin, and (2) a more regional groundwater source, which
may come from the major part of the aquifer located to the southwest of San Marcos.
Additional sources of water discharged from San Marcos Springs may arrive as lateral
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cross-formational flow from the Trinity Aquifer where the Bat Cave Fault juxtaposes the
Trinity Aquifer against the Edwards Aquifer (Figure 3).
Recharge assessments
Recharge estimates have been calculated by the U.S. Geological Survey using methods
developed in the late 1970s (Puente 1978) and published annually by the Edwards
Aquifer Authority (2008). Estimates of recharge are reported for four recharge basins in
the Nueces River Basin (Figure 7) and five recharge basins in the Guadalupe-San
Antonio River Basin (Figure 8) (Puente 1978).
The Blanco and Guadalupe recharge basins are closest to San Marcos Springs. The
Blanco Recharge Basin includes the Blanco River watershed as it traverses the Edwards
Aquifer recharge zone located between streamflow gaging stations at Wimberley
(USGS# 08117100) and Kyle (USGS# 081171300) and the ungaged watersheds of Sink,
Purgatory, York, and Alligator creeks located on the recharge zone. The Guadalupe
Recharge Basin includes the Guadalupe River watershed between the streamflow gaging
station at Sattler (USGS# 08167700) and the City of New Braunfels.
The traditional recharge-estimation methodology relies on measured streamflow
upstream and downstream of the outcrop of the Edwards Group with proportional
estimates of potential runoff from the intervening subwatershed based on upstream or
adjacent partner watersheds (Puente 1978). The traditional recharge-estimation method
includes the components of recharge occurring in the primary streambed, smaller
tributary water courses, and across the landscape. Recent studies (HDR Engineering, Inc.,
2002, LBG-Guyton Associates 2005) suggest that recharge occurring in the primary
streambed is variable and may be less than half of the calculated total recharge for some
basins. Integration of all components of recharge, therefore, is important. Estimates from
the traditional recharge-estimation method were used in calibration of the Texas Water
Development Board’s Ground Water Simulation Program, Version IV (GWSIM-IV)
model of the Edwards Aquifer in the late 1970s (Klemt and others 1979) and early 1990s
(Thorkildsen and McElhaney 1992).
An alternate method for estimating Edwards Aquifer recharge was developed by HDR
Engineering in the course of studies sponsored by the Edwards Underground Water
District (HDR Engineering 1993) and the Texas Water Development Board (HDR
Engineering 1991). Like the traditional recharge-estimation method of the U.S.
Geological Survey, the alternate-method uses a monthly time step. Key differences
between the models include elimination of base flow curves and use of alternative
procedures for calculating potential runoff over the Edwards Aquifer recharge zone by
integrating a representation of soil cover (Soil Conservation Service 1972) and a selection
of different partner watersheds (HDR Engineering 1993). As a part of the Trans-Texas
Water Program, HDR Engineering updated its alternate-method estimates of recharge
through 1996 and compared results of traditional and alternate methods (HDR
Engineering 1998).
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Figure 7:

Recharge basins in the Nueces River Basin (from HDR Engineering
1991).

Figure 8:

Recharge basins in the Guadalupe-San Antonio River Basin (from HDR
Engineering 1993).
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While overall estimates of long-term average recharge were quite similar, the geographic
distribution proved significantly different. Recharge in the Blanco and Guadalupe
watersheds, which are close to San Marcos Springs, was calculated to be greater by the
alternate-method than by the traditional method. Differences in these two recharge
estimates, in part, prompted additional research for selected recharge basins. Such
research included an intensive, multi-year study of recharge in the Medina Lake System
by the U.S. Geological Survey, a series of flow measurements to quantify losses and
gains along the Guadalupe River between Canyon Dam and New Braunfels, and
applications of Hydrologic Simulation Program-Fortran (HSPF) to estimate Edwards
Aquifer recharge on a more refined time-step.
Pilot applications of HSPF for estimation of Edwards Aquifer recharge in the Nueces and
Blanco recharge basins were completed in 2002 (HDR Engineering 2002), and
comprehensive applications of HSPF for all recharge basins were completed in 2005
(LBG-Guyton Associates 2005). Models based on HSPF are thought to retain the
strengths and overcome the weaknesses of either the traditional or alternate methods.
Specific advantages of the HSPF models include (1) use of a water-balance approach
integrating many relevant hydrologic parameters (such as measured streamflow at the
upstream gaging station, precipitation, evaporation, diversions, soil type, antecedent
moisture conditions, land use, interception, infiltration, and evapotranspiration) and (2)
computation of recharge on a daily, rather than monthly, time step through direct
simulation of watershed response to precipitation and streamflow inputs. Although
review and refinement of historical recharge estimates based on the HSPF models are
ongoing, it is likely that historical recharge in the Blanco and Guadalupe recharge basins
was substantially greater than that estimated by the traditional U.S. Geological Survey
method.
Lindgren and others (2004) specified recharge in their model using a modified version of
the traditional U.S. Geological Survey recharge methodology. Modifications of the
traditional estimates included estimation and consideration of recharge in the Guadalupe
Recharge Basin at a long-term average of about 31,900 acre-feet per year (3,930 hectaremeters per year)(rather than zero) and reduction of recharge in the Blanco Recharge
Basin in high flow years. The revised recharge estimates for the Blanco Recharge Basin
give a long-term average of about 43,100 acre-feet per year (5,320 hectare-meters per
year)(rather than about 46,200 acre-feet per year [5,700 hectare-meters per year]).
Though individually quite different from the alternate-method and HSPF basin recharge
estimates, the combined long-term average U.S. Geological Survey recharge estimates
for these two basins were very similar to those reported by others.
For the drought period of 1950 through 1956, however, recharge for the Blanco and
Guadalupe recharge basins by the modified-traditional method was less than half of the
total reported by the other two methods. Nevertheless, San Marcos springflows simulated
by the calibrated U.S. Geological Survey model match measured historical discharge
reasonably well during this severe drought period.
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Water-balance estimates
We reviewed comparisons of annual discharge from San Marcos Springs for the 1950
through 2000 historical period to the cumulative sums of annual recharge estimates for
the Blanco (nearest), Guadalupe, Cibolo/Dry Comal, and Helotes/Salado recharge basins
(respectively numbered 9, 8, 7, and 6 in Figure 8). Annual recharge and springflow
estimates used for these preliminary comparisons are those used by the U.S. Geological
Survey for calibration of the 2004 Edwards Aquifer groundwater flow model (Lindgren
and others 2004), in part because the HSPF recharge estimates are being refined at this
time. Observations based on these comparisons include the following:
1. Discharge from San Marcos Springs exceeded estimated recharge in the Blanco
Recharge Basin in every year.
2. Discharge from San Marcos Springs exceeded combined estimated recharge in the
Blanco and Guadalupe recharge basins in 94 percent of the years considered.
3. Discharge from San Marcos Springs exceeded combined estimated recharge in the
Blanco, Guadalupe, and Cibolo/Dry Comal recharge basins in 35 percent of the
years considered.
4. In some of the most severe drought years, discharge from San Marcos Springs
exceeded combined estimated recharge from all four of the recharge basins
considered.
5. On a long-term average basis, 100 percent of estimated recharge in the Blanco
and Guadalupe recharge basins together with 40 percent of that in the Cibolo/Dry
Comal basin account for the discharge from San Marcos Springs.
These water balance estimates focusing on recharge and springflow provide some
preliminary insights into portions of the Edwards Aquifer that contribute most directly to
discharge from San Marcos Springs. In addition to conventional estimates of Edwards
Aquifer recharge, San Marcos Springs may be sustained by depletion of aquifer storage
and/or inter-formational flux from the Trinity Aquifer. Preliminary water balance
assessments illustrate some of the technical difficulties associated with designating a
separate San Marcos Pool when portions of the Edwards Aquifer contributing
significantly to San Marcos Springs extend through Hays and Comal counties and likely
extend into Bexar County.
Hydraulic correlation analyses
LBG-Guyton Associates (2004) and Schindel and Johnson (2008) correlated hydrographs
for spring discharge (Hueco, Comal, and San Marcos springs), hydrographs for rivers and
stream stages, and hydrographs of water levels for selected index wells. Correlations
between index well water elevations and spring discharge rates show the hydraulic
relationship between the aquifer at the well location and at the point of spring discharge.
Correlations between river stage and spring discharge provide an indication of whether
the rivers act as recharge to groundwater feeding the springs. Correlations between spring
discharge hydrographs measure the hydraulic communication between the springs, either
in terms of sharing similar recharge zones or in terms of discharging from the same
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groundwater reservoir. It is important to realize that the relationships exhibited by these
data may be dependent on aquifer stage. For example, correlations between index wells
and spring discharge may differ during high stage relative to low stage.
Key index wells are:
•

J-17 (Bexar County Index Well) documented to be strongly correlated with
discharge at Comal Springs and weakly correlated with discharge at San Marcos
Springs (Figures 9 and 10).

•

68-23-302 (Landa Park or Panther Canyon well) located in the Comal Springs
Fault Block half a mile (0.8 kilometer) west of Comal Springs. Water elevations
at Well 68-23-302 have a strong correlation with Comal Springs discharge
(Figure 11).

•

67-09-110 (Southwest Texas Farms Wells) located in the Comal Springs Fault
Block five miles southwest of San Marcos Springs. The water level in this 674
foot (205 meter) deep well is strongly correlated with San Marcos Springs
discharge (Figure 12).

•

68-16-701 (Highway 306 Well) located in the Comal Springs Fault Block two
miles (3.2 kilometers) east of Hueco Springs and approximately three miles (4.8
kilometers) north-northeast of Comal Springs. Water level measurements at this
well strongly correlate with San Marcos Springs (Figure 13).

For several different time periods, discharge at San Marcos Springs did not correlate with
discharge at Comal Springs or water levels at Index Well J-17 (Figures 14 and 15).
Spring discharge from Comal Springs can be increasing while discharge from San
Marcos Springs is decreasing due, in this particular time period, to the occurrence of
significant local recharge proximate to and up-gradient of Comal Springs while below
average recharge continued near San Marcos Springs Lake (LBG-Guyton Associates
2004). This suggests that the flow at Comal and San Marcos springs are influenced
differently by the interaction of local and regional flow (LBG-Guyton Associates 2004).
On the other hand, simple linear regression analyses of average discharges from Comal
and San Marcos springs for each month during the 1956 through 1989 historical period
shows a statistically significant correlation. More specifically, the coefficient of
determination (r2) is found to be 0.55 for a linear regression equation considering Comal
Springs discharge as the sole independent variable for estimation of San Marcos Springs
discharge. In other words, about 55 percent of the variations in San Marcos Springs
discharge can be explained by a simple linear relationship with Comal Springs discharge.
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Figure 9:

Relationship between (1) water level elevation at Index Well J-17 and (2)
flow at Comal Springs (modified from Votteler 2000, Figure 14).

Figure 10:

Relationship between (1) water level elevations at Index Well J-17 and (2)
flow at San Marcos Springs (modified from Votteler 2000, Figure 17).
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Figure 11:

Relationship between (1) water level elevation at Well 68-23-302 (Landa
Park or Panther Canyon well) located in the Comal Springs Fault Block
half a mile (0.8 kilometer) west of Comal Springs and (2) flow at Comal
Springs (from LBG-Guyton Associates 2004, Figure B-13; cfs = cubic feet
per second, ft MSL = feet above mean sea level, ‘ = feet, LCRA =
reference to a well operated by the Lower Colorado River Authority
during the 1950s).
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Figure 12:

Relationship between (1) hydraulic head above San Marcos Springs at
Well 67-09-110 (Landa Park or Panther Canyon well) located in the
Comal Springs Fault Block five miles (eight kilometers) southwest of San
Marcos Springs and (2) flow at San Marcos Springs (from Johnson and
Schindel 2008, Figure 38; cfs = cubic feet per second).
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Figure 13:

Relationship between (1) water level elevations at Well 68-16-701
(Highway 306 Well) located in the Comal Springs Fault Block two miles
(three kilometers) east of Hueco Springs and approximately three miles
(five kilometers) north-northeast of Comal Springs and wells 68-16-702,
68-16-703, and 68-16-803 and (2) flow at San Marcos Springs (from
Johnson and Schindel 2008, Figure 12; cfs = cubic feet per second, ft msl
= feet above mean sea level).
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Figure 14:

Flow at Comal and San Marcos springs for the period of 1988 to 1990
(modified from LBG-Guyton Associates 2004, Figure B-28; cfs = cubic
feet per second).
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Figure 15:

Water levels at Index Well J-17 versus flow at San Marcos Springs for
1980. The figure illustrates a complex pattern of changing spring flow and
Index Well J-17 water levels.

Water chemistry analyses
Water quality indicators, including chemical composition and temperature, provide
insight on different source areas and flow regimes. Ogden and others (1986) noted that
tritium studies of Comal Springs by Pearson and others (1975) and time series analysis of
fifteen water chemical parameters by Rothermel and Ogden (1986, 1987) demonstrated
that Comal Springs receive very little local and recent recharge except during high watertable conditions. In contrast, tritium measurements of San Marcos Springs suggested that
these springs generally receive a mixture of old and recent recharge (Pearson and others
1975). Hueco Springs has the highest tritium content and is believed to be composed of
very recent groundwater from a local source.
Individual sampling of the San Marcos Springs orifices by divers (Ogden and others
1986) showed that, based on water chemistry, two seemingly hydrologically separate
spring groups exist. Based on water chemistry, there are two different sets of springs—
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the northern springs and the southern springs—discharging into Spring Lake (LBGGuyton Associates 2004). The differences in water chemistries imply that different
source areas are providing flow to the two spring groups. The northern springs may be
discharging water from a more local source while the southern springs may be
discharging water from a more regional flow system.
Numerical Models
Since 1979, more than a dozen groundwater models have been developed of the Edwards
Aquifer. Several of these models have been used to simulate conditions of groundwater
flow that appear to affect the San Marcos Springs flow regime. In regard to simulated
results that most importantly influenced our evaluation of whether a separate pool for San
Marcos Springs is appropriate, the most noteworthy of the Edwards Aquifer models are
those by Klemt and others (1979), Maclay and Land (1988), Lindgren and others (2004),
and Lindgren (2006). The major contributions of each of these models toward the current
understanding of the San Marcos flow regime, and how their results influenced our
decision as to whether the designation of a separate San Marcos Pool is justified, are
summarized below. These models (and associated characteristics most related to
conditions at San Marcos Springs) are discussed in order of their development.
Klemt and others (1979)
Klemt and others (1979) developed the first numerical model of the San Antonio
Segment of the Edwards Aquifer. The associated investigation was directed primarily
toward “quantitative aspects” of groundwater withdrawals, springflows, and aquifer
characteristics. The purpose of this Texas Water Development Board model was to
“determine the occurrence, availability, and dependability of the Edwards (Balcones
Fault Zone) aquifer” and to “develop a groundwater resources management tool for use
in a total water-resource management program.”
Klemt and others (1979) used their model to simulate the effects of various management
scenarios that began in 1972 and continued through 2049. All projected groundwater
withdrawals “assumed that the present water quality of the aquifer would remain constant
in time…and possible changes in water quality were not considered in sizing or in
locating pumpage centers.” The results of their simulations—based on projections of
increased population growth, increased future water withdrawal, and climate—indicated
that the aquifer was capable of meeting the projected demands. However, simulated
discharge from San Marcos Springs showed “a declining trend” through the last year for
which spring flow was simulated to occur, which was year 2009. Year 2000 was the first
year for which spring flow was simulated to be less than the actual historical minimum,
and water levels adjacent to San Marcos Springs showed “a downward trend similar to
the trend observed for the water levels adjacent to Comal Springs.” The results of even
the most fundamental projections of future conditions indicated that the fate of San
Marcos springflow was tied closely to upgradient conditions at Comal Springs.
Additional simulations were made to determine how artificial recharge might affect the
Edwards Aquifer. The additional recharge was assumed to have come from “newly
established and proposed reservoirs designed to increase recharge.” The projections of
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additional recharge indicated that both Comal and San Marcos springs would continue to
flow for a longer period with the addition of artificial recharge.
Subsequent runs were made with the model to test whether San Marcos Springs might
continue to flow at rates of at least 100 cubic feet per second (2.8 cubic meters per
second), given assorted reductions in the projected rates of municipal and/or industrial
pumpage. Under certain conditions, the simulated responses indicated that San Marcos
Springs would continue to flow, albeit at rates far below average, through year 2002, but
not without significant “joint” reductions in municipal and industrial pumpage.
According to Klemt and others (1979), it was “important to note that the reduction in
pumpage to maintain Comal Springs also resulted in continuous flow for San Marcos
Springs.”
Maclay and Land (1988)
Maclay and Land (1988) identified four hydrologic “storage units” and four associated
“flow units” within the Edwards Aquifer. As forerunners to the relatively detailed
“flowpath” and “fault-block” designations and associated explanations of more recent
investigation and modeling, Maclay and Land (1988) based the calibration of their model
on the premise that “four subareas of the unconfined zone tended to function as
independent storage units because of faults.” They explained that their division of such
units was “strongly influenced by major faults, a narrowing of the recharge zone area,
and a change from one stream basin to another.” Maclay and Land (1988) defined flow
units as
“...an area of the aquifer that includes a storage unit and a zone in which water is
transmitted from this storage unit to major points of discharge. Some interchange
of ground water of the aquifer that includes a storage unit and a zone in which
water is transmitted from this storage unit to major points of discharge. Some
interchange of ground water from one flow unit to another probably occurs at
different water-level conditions.”
Maclay and Land’s (1988) results advanced an appreciation of the need to simulate the
hydraulic effects of structural compartmentalization on aquifer water levels and
springflow. Despite the relatively large-scale nature of their model and its limited
capacity to replicate historical water-level and springflow conditions, their contributions
emphasized the need for future model studies to consider the effects of “ground-water
storage and flow concepts.” Their results provided a better appreciation of the effects
faults impose on the movement and storage of groundwater and on the magnitude of
aquifer properties that would be incorporated into subsequent models. Of particular
relevance to the scope of this document, Maclay and Land’s (1988) experience with this
model left little doubt, in their opinion, that “Ground water in the unconfined zone of the
aquifer in northwestern Bexar, Comal, and Hays counties is diverted by barrier faults
toward San Marcos Springs.”
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Lindgren and others (2004) and Lindgren (2006)
Lindgren and others (2004) based the design of their finite-difference model on the
conceptualization that most groundwater flow in the Edwards Aquifer occurs primarily
through a finite number of elongated solution cavities (conduits) rather than through an
expansive network of relatively small, but countless, openings. This design attempted to
add a conduit flow component to the standard diffuse flow conceptualization. It was
adopted with the premise that it would provide a plausible approach toward simulating
the aquifer’s relatively rapid response to short-term recharge (precipitation) events,
including the associated increases in downgradient water levels and springflow. A key
similarity shared with the design of past models was the objective of simulating the
effects of barrier faults that tend to compartmentalize the storage and flow of
groundwater within physically discrete fault blocks that, in places and in varying degrees,
may be hydraulically linked.
The results of experimentation with this model (Figure 10 in Lindgren and others 2004),
substantiate the importance of barrier faults, which appear to strongly influence the
directions of groundwater flow by restricting it to preferential flowpaths within the faultbounded blocks delineated earlier by Maclay and Land (1988). Although the fault blocks
are not simulated as distinct entities (discrete partitions within the model) their presence
is reflected by the concentration of simulated flow within a series of roughly parallel
segments of the Edwards Aquifer. The preferential flowpaths are aligned, for the most
part, with mapped barrier faults within the Balcones Fault Zone (Collins and Hovorka
1997).
Groschen (1996) postulated that the locations of most major springs in the Edwards
Aquifer are structurally controlled. Groschen (1996) explained that springs tend to exist
where confined water (under pressure) rises, through breaks in the overlying confining
beds, to topographically low areas of the surface. The Lindgren and others (2004) model
reflects this effect by simulating the movement of groundwater along specific conduits
that “tend to facilitate” flow toward the springs, including Comal and San Marcos
springs. Note that “conduits” are represented in the model as cells with high
transmissivity and not as discrete features. The simulated rates of springflow in the
Lindgren and others (2004) model were more dependent on the simulated orientation and
hydraulic properties assigned to the conduits (based on regional structure and effects of
karstification) than to the simulated elevations and spring-orifice properties of the springs
themselves (due to local conditions).
By setting the model boundary at the Colorado River, Lindgren and others (2004, p. 73)
were able to simulate the groundwater divide in the Edwards Aquifer near Kyle in southcentral Hays County. From the location of this divide, groundwater flows northeastward
toward Barton Springs or southwestward toward San Marcos Springs. The results of
model simulations indicate that the position of this groundwater divide varies, depending
on water-level conditions. For steady-state and above-normal rainfall and recharge
conditions, the simulated position of the groundwater divide “is coincident with its
commonly defined position near Kyle.” However, during low-recharge drought
conditions and given the assumed distribution of pumping in the model, the position of
the simulated groundwater divide “shifts westward to near San Marcos Springs, and
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recharge from the Blanco River moves eastward toward Barton Springs, rather than
westward toward San Marcos Springs.”
The conduit-dominated design of the Lindgren and others (2004) model was intended to
allow a comparatively detailed account of the aquifer’s relatively quick response to shortterm recharge activity conveyed to the springs along flowpaths associated with mapped
flow units and presumed locations of major conduits. However, this model remains
“regional in nature and, therefore, is best suited to evaluate variations in spring discharge,
regional water-level changes, and the comparison of regional water-management
scenarios.” Lindgren and others (2004) emphasized that the accuracy and applicability of
the model decrease when “changing from the regional to the local scale.” The authors
explain that the model is not considered appropriate for local issues, such as water-level
declines surrounding individual wells, because of the model’s relatively coarse grid size
(40-acre [16 hectare] grid cells). Other model limitations are related to an imperfect
conceptualization of actual conditions, including having only approximated the locations
and hydraulic properties of the conduits through which most of the groundwater-flow is
simulated to occur.
Even before the conduit flow version of the Edwards Aquifer model (Lindgren and others
2004) was initiated, its basic design was questioned in that (1) the U.S. Geological
Survey’s Modular three-dimensional finite-difference ground-water Flow (MODFLOW)
code (Harbaugh and others 2000) was not specifically formulated for the simulation of
conduit flow, (2) the unknown degree to which conduits actually control prevailing,
observable conditions in the Edwards Aquifer and, therefore, influence the most
important regional aspects of groundwater flow, including spring discharge, and (3) the
exact location and regional connections of the specified major conduits. To address some
of this uncertainty, a diffuse-flow version of the former Edwards Aquifer model was
developed (Lindgren 2006).
The objectives of this extended study and alternative model (Lindgren 2006) were to
modify the hydraulic conductivity distributions of the conduit-flow model by replacing
the simulated conduits with relatively broad zones of elevated hydraulic conductivity.
The distribution of hydraulic conductivity in the non-conduit, diffuse-flow model
emphasized the small-cavity, fracture-flow component rather than the pattern of large,
interconnected conduits that dominates the former design. Revision of model properties
for the diffuse-flow approach was limited to changes in the distribution of simulated
hydraulic conductivity. All other aspects of the model are the same as those representing
the conduit flow Edwards Aquifer model.
According to Lindgren and others (2004, p. 97–101) and Lindgren (2006, p. 30–32), both
the conduit-flow and the diffuse-flow versions of the Edwards Aquifer (MODFLOW)
model appear to provide a reasonably appropriate simulation of measured springflow and
hydraulic heads over the relatively long transient-calibration period of 1947 to 2000.
Both models better replicate the timing and rates of discharge for the Comal and San
Marcos springs than for the smaller springs. Although the distributions of simulated
springflow in both models are similar for all simulated springs, the conduit-flow model
appears to provide a closer approximation of discharge for Comal Springs than for San
Marcos Springs.
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The slightly smaller total springflow simulated with the diffuse-flow model (relative to
that with the conduit-flow model) is believed to result from the general pattern of
somewhat lower water levels simulated with the diffuse-flow model. This, coupled with
the observation that greater differences occur during the periods of greatest springflow,
might indicate that the diffuse-flow model is “somewhat less responsive” to short-term
recharge events than the conduit-flow model. Despite having been calibrated with
different emphases on different aspects of the groundwater-flow regime, Lindgren
believes that—on balance—no model stands out as the “better” of the two in terms of
their capacities to simulate regional effects of alternative water-management scenarios
(Rick Lindgren, U.S. Geological Survey hydrologist, verbal communication, 2008).
Summary
Evaluation of available hydrogeological evidence by the Edwards Aquifer Area Expert
Science Subcommittee leads to the conclusion that there are insufficient data to support
the designation of a separate San Marcos Pool or to define its boundaries at this time. On
the basis of available hydrogeologic evidence, the Expert Science Subcommittee further
concludes that aquifer levels, recharge, and pumpage in Comal and Bexar counties have
sufficient effects on San Marcos Springs that management of a fully separate San Marcos
Pool would be an administrative action rather than a scientifically-based decision.
Hydrogeological conceptualizations as well as defined and inferred flowpaths of the
Edwards Aquifer set forth by multiple researchers, though complex and sometimes
conflicting, all generally indicate that physical pathways for groundwater at least as far
away as Bexar County contribute significantly to discharge at San Marcos Springs. Water
balance estimates indicate that recharge occurring in Hays, Comal, and Bexar counties
contribute significantly to discharge at San Marcos Springs.
Flowpaths, recharge, and water-balances considered together demonstrate that San
Marcos Springs is more reliant on distant, rather than local, water sources within the
aquifer to sustain springflow during drought. Water-chemistry analyses of discharges
from multiple San Marcos Springs orifices indicate contributions from recent, local
recharge and older, regional recharge. Hydraulic correlation analyses reveal that Comal
Springs discharges are highly correlated with water levels in the Bexar County Index
Well (J-17) and that San Marcos Springs discharges are correlated with Comal Springs
discharges, despite some temporal anomalies at San Marcos Springs likely caused by
differences in local and regional recharge and storage recovery rates during the drought
of 2006 and other droughts.
Recommended Studies
The “unknowns” still significantly outnumber the “knowns” when it comes to
understanding the recognized hydrogeologic features and effects—much less the
unrecognized controls—on groundwater levels and springflow associated with San
Marcos Springs. From a scientific standpoint, it seems unwise to recommend segregation
of the larger San Antonio Pool until the relationships among rainfall, recharge, and
downgradient water levels and springflow become more predictable. In other words, a
more complete understanding is required of the various elements of the hydrogeologic
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framework that control the flow and storage of groundwater in different segments of the
Edwards Aquifer. To improve this understanding, the Expert Science Subcommittee
recommends the following studies on hydrogeology and modeling.
Hydrogeology
•
•
•
•
•
•
•
•
•

Develop a better understanding of recharge, flow, and water budget with
respect to San Marcos Springs.
Conduct a detailed baseflow study and analysis of the Guadalupe River as
it flows over the Edwards Aquifer recharge zone.
Study the relationship between San Marcos Springs and recharge from the
Blanco and upper San Marcos river basins.
Establish a water-level monitoring network in the San Marcos Springs
area and try to correlate groundwater levels to flow at San Marcos
Springs.
Study the hydrogeology and water chemistry of the individual springs that
make up San Marcos and Comal springs.
Conduct more tracer studies to better understand flow paths near the
springs.
Conduct a basic hydrogeologic investigation of Fern Bank Springs.
Understand why flow at San Marcos Springs at times does not correlate
well with either Comal Springs discharge or water levels at Index Well J17.
Study possible connection to Barton Springs and the behavior of the
groundwater divide.

Modeling
•

•
•
•

Task 1.4:

Update the groundwater model to (1) reflect the most recent
conceptualization of local groundwater flow regimes affecting Comal and
San Marcos springs and (2) include the best available estimates of
recharge.
Improve model performance in the unconfined zone.
Assess whether the model can be used to better evaluate San Marcos
Springs hydrology and management scenarios.
Study crossformational flow from the Trinity Aquifer to the Edwards
Aquifer in the eastern part of aquifer and determine if this flow is
accurately represented in the model.

If there are data to support the designation of such a pool,
what should be the extent and boundaries of such pool?

This task is not applicable because of our response to Task 1.2.
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Task 1.5:

To what extent is this pool hydrologically independent?

This task is not applicable because of our response to Task 1.2.

Task 1.6:

Is there a need for an additional well or additional wells to
measure the San Marcos pool, if one was designated. If so,
what is the most effective location for such well(s)?

This task is not applicable because of our response to Task 1.2.

Task 1.7:

The evaluation of this issue should include consideration of
information provided by the members of the Recovery
Implementation Program.

We have evaluated and taken into consideration the information provided by members of
the Recovery Implementation Program. Position papers submitted by the members are
included in Appendix F.
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Cream of Wheat Springs in Spring Lake (photo by Bridget Lewin)

Task 2: Are minimum spring flows necessary?
Minimum flows are a necessary part of a flow regime of a given aquatic ecosystem for
the protection of its component species. The state of instream flow science has evolved to
the point that the maintenance of minimum flows alone is not considered sufficient to
maintain a sound ecological environment (National Research Council 2005). The Texas
Instream Flow Program has adopted an approach (Texas Commission on Environmental
Quality and others 2008) that involves the identification of ecologically significant flow
components for Texas' rivers and streams. Each of these components can be described by
the timing, frequency of occurrence, flow magnitude, and duration of individual events. It
is important to recognize that the ecology of an aquatic ecosystem is defined by extreme
events on both the high- and low-flow end of the spectrum and that having occasional
extremes supports populations of native species that have evolved life history strategies
in response to the natural flow regime (Poff and Allan 1995, Poff and others 1997, Bunn
and Arthington 2002). Experiencing these natural extremes puts stress on non-native
species and promotes the survival of the native flora and faunal community (Poff and
Allan 1995, Poff and others 1997, Bunn and Arthington 2002). However, the frequency
and duration of these extreme events are of critical importance and, if extended beyond
the natural tendency of the system, can be detrimental to the resident ecological
community.
For this evaluation, minimum springflows are defined as flow events that occur
infrequently, have a magnitude sufficient to maintain critical ecological functions (that is,
water quality and minimal habitat conditions), and do not last long enough to stress the
ecosystem beyond a point where it can recover naturally. Additionally, the ability of an
aquatic community to endure stressful, low-flow events is largely related to its condition
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at the onset. Consequently, assuring that flows are maintained at sufficient levels with
appropriate inter- and intra-year variability during more normal (not extreme) conditions
is also required to maintain a healthy community, thus inherently protecting the
threatened and endangered species.

Task 2.1:

Is a minimum springflow required for the survival and
recovery of each species listed under the Endangered Species
Act identified in Section 3.2 of the Edwards Aquifer Recovery
Implementation Program Memorandum of Agreement?

Recommendation: At this time, the Edwards Aquifer
Area Expert Science Subcommittee believes that
minimum springflows are required within the context
of a system flow regime for the survival and recovery
of each species listed under the Endangered Species
Act identified in Section 3.2 of the Edwards Aquifer
Recovery Implementation Program Memorandum of
Agreement. A system flow regime includes low flows
which support the survival of individuals for limited
periods of time, normal flows which support
reproduction within the population, and higher flows
that periodically rejuvenate the system.

Our interpretation of the task
While the term “required” might imply that a single minimum springflow would alone be
sufficient, our interpretation is that minimum springflows are “necessary” within the
context of a system flow regime. We do not feel that minimum springflows alone are
sufficient for the survival and recovery of a threatened or endangered species. The
question also implies that there may be a single minimum springflow that permits both
survival and recovery. We contend that minimum springflows within the context of a
system flow regime are important to both survival and recovery, but not in the same way
nor at the same level of importance. Minimum springflows are vital to maintain
conditions suitable for individuals of a species to continue to exist for some period (that
is, survive). Minimum springflows also play a role in genetic strengthening which serves
a purpose in the recovery of a species. Recovery is defined as “the process by which the
decline of an endangered or threatened species is arrested or reversed, and threats
removed or reduced so that the species’ long-term survival in the wild can be ensured.”
The following sections document our rationale for this task.

36

Discussion
The species listed under the Endangered Species Act identified in Section 3.2 of the
Edwards Aquifer Recovery Implementation Program Memorandum of Agreement
(Appendix D) consist of eight threatened and endangered species found in the Comal and
San Marcos springs ecosystems. These include two fish [fountain darter (Etheostoma
fonticola) and San Marcos gambusia (Gambusia georgei)], two salamanders [Texas blind
salamander (Eurycea rathbuni) and San Marcos salamander (Eurycea nana)], one plant
[Texas wild-rice (Zizania texana)], and three invertebrates [Comal Springs dryopid beetle
(Stygoparnus comalensis), Comal Springs riffle beetle (Heterelmis comalensis), and
Peck’s cave amphipod (Stygobromus pecki)]. Of these, only the San Marcos salamander
is listed as threatened by the U.S. Fish & Wildlife Service; the rest are listed as
endangered.
Each of these species has a restricted distribution limited to springs associated with the
Edwards Aquifer, and several are found in either Comal Springs or San Marcos Springs,
but not both. Originally, only the fountain darter was believed to occupy both spring
ecosystems, but recent collections of the Comal Springs riffle beetle in Spring Lake at the
headwaters of the San Marcos River (Gibson and others 2008) reveal that this species is
also found in both ecosystems. Among the other species, San Marcos salamander and
Texas wild-rice occur only in the San Marcos River, while the Texas blind salamander is
found in the aquifer below San Marcos and nearby springs. Two of the three
invertebrates, Comal Springs dryopid beetle and Peck’s cave amphipod, are found only in
Comal and nearby springs (that is, Hueco and Fern Bank springs). The San Marcos
gambusia is considered extinct as no individuals have been collected since 1982, despite
subsequent intensive surveys (U.S. Fish & Wildlife Service 1996).
Comal Springs, which consists of many spring openings, is the largest spring system in
Texas. The clear, thermally constant water issues from the downthrown side of the Comal
Springs Fault Block. Although Comal Springs reportedly has the greatest discharge of
any springs in the Southwest, the flows can diminish rapidly during drought conditions.
The springs completely ceased to flow for several months during the summer and fall of
1956 during the drought of record. Despite this fact, Comal Springs is home to several
extremely rare, listed species. The San Marcos Springs complex represents the second
largest spring system in Texas. It has historically exhibited the greatest flow
dependability and environmental stability of any spring complex in the Southwest (U.S.
Fish & Wildlife Service 1996). The springs have never been known to cease flowing,
even in the drought of record. Clear, thermally constant water issues from the upthrown
block of the San Marcos Springs Fault. Before being inundated by Spring Lake, the
springs sent water three feet (one meter) above the water surface.
The simple answer to the question posed in Task 2.1 is “Yes”. Unlike most Texas rivers
and streams, which have highly variable flow patterns, the San Marcos and Comal rivers
are stable systems. The relatively constant springflow provides a unique, stable habitat
within the aquifer and for some distance downstream. Flow has a direct effect on the
amount of habitat available. The hydraulic features of flow (depth and velocity), along
with channel, aquatic vegetation, and substrate, contribute directly to physical habitat
features of a stream. The rate of springflow is also an important factor in determining the
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longitudinal extent of suitable conditions for water temperature, carbon dioxide, nutrient
distribution, and other water quality constituents. Additionally, the natural timing,
frequency, duration, and magnitude of springflows are important in controlling invasive
and non-native species. Many organisms have adapted to, and become reliant upon, this
relative stability. In a warm, semi-arid climate such as central Texas, having a reliable
flow of clear, clean, relatively cool, thermally constant water has led to the formation of a
diverse, highly endemic, spring-dependent fauna and flora. For the surface-dwelling
species, such as the fountain darter, San Marcos salamander, Texas wild-rice, and Comal
Springs riffle beetle, some amount of springflow is necessary for survival and for
recovery. A detailed examination of individual species requirements for springflow is
presented below for the surface-dwelling species. For the aquifer-dwelling listed species
such as the Texas blind salamander, Peck’s cave amphipod, and Comal Springs dryopid
beetle, a lack of discharge may not appear as critical; however, potential impacts are
discussed following the individual species discussions.
Surface-dwelling species

(photo by Bridget Lewin)

Fountain darter
The fountain darter has been found to inhabit only the Comal and the upper San Marcos
rivers where its density is influenced by the species of aquatic plants present (Schenck
and Whiteside 1976; Linam and others 1993; Edwards Aquifer Authority 2007b). It only
inhabits areas that are strongly influenced by the springs. Spring discharge level has an
effect on water clarity, velocity, temperature, and carbon dioxide level. Each of these
factors affects the aquatic plant species present and their abundance. As distance from the
spring openings increases, plant species composition and fountain darter densities change
in response to changes in water clarity, temperature, and carbon dioxide. In the Comal
River, the fountain darter has access to the Guadalupe River but is not routinely found
there. In the San Marcos River, the fountain darter is generally limited to portions of the
river from the spring openings in Spring Lake to upstream of the outfall from the San
Marcos wastewater treatment plant. The fountain darter has access to the river below the
wastewater treatment plant but generally is not found there.
Both high- and low-flow events in the San Marcos and Comal rivers affect the fountain
darter in various ways. While high-flow events rejuvenate the systems by causing
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reduction of habitat-choking fine sediment and non-native snails (which consume native
plants and harbor parasites), fountain darter numbers decrease in the immediate months
following the flood event (Edwards Aquifer Authority 2007b). However, the typical
response the following season is an increase in aquatic plant coverage and subsequent
increase in fountain darter densities. It is evident that as aquatic plant coverage
reestablishes, the invertebrates within the aquatic vegetation also rebound. This has
repeatedly occurred during recent years in the Comal River in an area that extends from
about 2,000 to 3,000 feet (600 to 900 meters) upstream from the confluence with the
Guadalupe River. After floods in the San Marcos River, darter densities decline from
about 500 to 900 feet (150 to 275 meters) downstream of the Cheatham Street bridge
until the vegetation re-establishes itself (Thomas Brandt, U.S. Fish & Wildlife Service,
personal observation). In the upper spring reach area of Landa Lake, when the springs in
the area of the Blieder Creek confluence stop flowing and the bryophytes disappear, as
happened in late 2000, the fountain darter density declined dramatically. The area
affected extends from the confluence downstream to where other springs are still flowing
just upstream of Spring Island. When springflows and the bryophytes return, darter
densities subsequently increase. At some point, the carrying capacity of the system for
aquatic vegetation is reached. The carrying capacity of the system is largely dependent on
springflow. As spring flow deceases, water carbon dioxide levels decrease which causes a
decrease in beneficial plants and a decrease in invertebrates and darters. The decreases in
darter numbers first occur in the transition zone between suitable and unsuitable habitat.
As springflow decreases, distances from spring openings that remain suitable habitat for
fountain darters to reproduce decrease. Also, as springflow decreases, a flow will be
reached where the number of darters being produced is less than the number dying. At
this point, survival is still being maintained for some period, but recovery is
compromised. When lack of springflow allows temperatures near the spring openings to
rise above 84°F (29°C), fountain darter reproduction will likely cease. Between 84 and 90
°F (29 and 32°C) near the spring openings, mortality of some adults will likely occur.
Water clarity, velocity, temperature, and carbon dioxide level are important directly or
indirectly to the fountain darter. Water clarity is important because the fountain darter is a
sight feeder that consumes live invertebrates (Schenck and Whiteside 1977; Brandt and
others 1993; Bergin 1996). As water clarity decreases, the ability of a fountain darter to
detect and capture prey decreases. Also, as water clarity decreases, the ability of a
fountain darter to detect a predator probably decreases. Fountain darters have definite
water current preferences corresponding to their size. Adult fish are generally found in
moderate to near zero currents. Juvenile darters occur in slower current than larger adults
but, like adults, are found in areas with almost no current. It is assumed that current
influences the ability of fountain darters to feed (as velocity increases the ability of the
darter to maneuver and capture prey decreases) and to exchange gases across their gills
(the stronger the current the less work the darter has to do to circulate water across the
gills). Water temperature is known to affect fountain darter reproduction and survival
(Brandt and others 1993, Bonner and others 1998, McDonald and others 2007). Fountain
darter larval production significantly decreases at 77°F (25°C) and above (McDonald and
others 2007). The upper temperature that will kill 50 percent of larval fountain darters
after 24 hours is 89.4°F (31.9°C)(Bonner and others 1998).
39

While the direct effect of water carbon dioxide level on fountain darters is unknown, the
effect of carbon dioxide level on some plants is known. For carbon dioxide obligates,
such as Texas wild-rice (Power and Doyle 2004), a plant utilized by fountain darters
(Catherine Phillips, U.S. Fish & Wildlife Service, personal observation), if carbon
dioxide is not present in the water, photosynthesis by submersed leaves is probably
limited. Aquatic plants provide fountain darters with cover, substrate that supports
invertebrates, and spawning substrate.
Fountain darters populations have successfully been maintained only in flowing Edwards
Aquifer water. In both the Comal and San Marcos rivers, the fountain darter densities
decline when the beneficial effects of spring flow are negated by air temperature, loss of
carbon dioxide to the atmosphere, and mixing with surface waters that cause changes in
water clarity, water velocity, water temperature, and water carbon dioxide level. When
Comal Springs stopped flowing in 1956, the fountain darter was eliminated from the
Comal River. Fountain darters were restocked in the Comal River during the mid-1970s
(Schenck and Whiteside 1976). A population exists today in the Comal River because of
this re-introduction. The existence of the fountain darter requires springflows at levels
that provide water clarity sufficient for detection and consumption of invertebrates, water
temperatures that allow for survival and reproduction, and water velocities and carbon
dioxide levels that support the growth of aquatic plants that provide the required cover
and substrate needed for invertebrates and spawning.
Studies have shown that many fishes (especially species of a small size) have very similar
food habitats (Hubbs and others 1978). If non-native species are added to the aquatic
ecosystems, greater competition or overlap among species is possible. These non-native
species may be able to acquire resources with greater efficiency than native species (U.S.
Fish & Wildlife Service 1984). Suckermouth catfishes (Loricariidae) are a non-native fish
species that have become established in the waters of Texas including the Comal and San
Marcos rivers (Howells 2005). In particular, suckermouth catfishes that prefer to feed on
periphyton and algae may be impacting fountain darter populations. The fountain darter
lays eggs on algae and is believed to be threatened by the loss of spawning habitat and
possibly egg predation (Hoover and others 2006). There is some concern that excessive
numbers of suckermouth catfishes could directly displace or out compete fountain darters
in the Comal and San Marcos rivers.
Two non-native gastropods [giant ramshorn snail (Marisa cornuarietis) and red-rimmed
melania (Melanoides tuberculata)] also pose a threat to the ecosystem in the San Marcos
and Comal rivers. The giant ramshorn snail, a species in the aquarium trade, was first
discovered in the San Marcos River in 1983 and in Landa Lake in 1984 (McKinney and
Sharp 1995). This snail grazes on aquatic plants and in the 1990s played a major role in
reducing plant growth in Landa Lake. This snail prefers clear streams and pools with
temperatures of at least 66°F (19°C). When exposed to lower temperatures, the snails
withdraw into their shells and only survive for short periods. The warmest temperature
that the giant ramshorn snail can withstand is 102°F (39°C). Although the population has
diminished since the mid-1990s, the potential for future alteration of plant communities
in these two ecosystems remains and could affect endangered species (McKinney and
Sharp 1995, Edwards Aquifer Authority 2007b). The strong preference of fountain
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darters for aquatic vegetation highlights the concern posed by the grazing activities of the
giant ramshorn snail (Edwards Aquifer Authority 2004).
Another snail species that poses a potential threat to the Comal and San Marcos river
ecosystems is the introduced red-rimmed melania. In 1990, a parasite (Centrocestus
formosanus) was found in red-rimmed melania in Landa Lake (Knott and Murray 1991).
The hosts for this parasite include fish-eating birds, red-rimmed melania, and fish. The
parasite, a trematode which affects the gills of fountain darters, has been found at higher
levels in fish from the Comal River than from the San Marcos River (Fuller and Brandt
1997). The trematode attacks the gills of the fountain darter causing reddening, swelling,
and bleeding. The immune system of the fountain darter is sufficient to rid its body of the
trematode, but not until the damage has already been done (Fuller and Brandt 1997,
Bexar Metropolitan Water District 1998, Mitchell and others 2000; Mitchell and others
2005). Apparently the darters are not the normal hosts for the trematode since most of the
larvae on the gills are encysted or dead (Fuller and Brandt 1997). Some of the concerns
of the impact of this parasite are the increased stress, reduced ability to avoid predators,
and reduced reproductive capabilities (BIO-WEST, Inc. 2002b). If snail and parasite
numbers increase as springflows decrease, the parasite may cause greater harm to the
fountain darter in the Comal River than deteriorating water quality. If not controlled, the
parasite may cause the elimination of the fountain darter from the Comal River before
spring flows drop to zero. The parasite is present in the San Marcos River but has
remained at low levels and is not currently considered as a threat to the fountain darter.
This level of threat may change if snail and parasite numbers in the San Marcos River
increase.

(photo by John Thomaides)

Texas wild-rice
Texas wild-rice is an aquatic perennial grass that only occurs in the upper two miles
(three kilometers) of the San Marcos River. The species grows in the swiftly flowing
current of the river, rooted in the river bed. Texas wild-rice requires clear (turbidity
usually less than 2.5 NTU [nephelometric turbidity units]), relatively cool, thermally
constant (approximately 72°F [22°C]), flowing water (1.3 to 3.3 feet per second [0.4 to
1.0 meters per second]) at depths usually less than 3.3 feet (1 meter), and a substrate that
is predominantly composed of sand and gravel (Poole and Bowles 1999). Stems are
prostrate in the current and often root at the lower nodes. The long, ribbon-like leaves are
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submersed in the water. Flowering occurs primarily spring through fall. The reproductive
stems are lifted above the water surface with male and female flowers on separate parts
of the stem. The species is wind-pollinated, and seeds are assumed to be water-dispersed.
The flowering stem dies after the seeds are dispersed. Thus, under certain conditions, the
plant may act as an annual, growing from seed, flowering, fruiting, and dying in one
season.
The effects of low flow on Texas wild-rice have been documented via field investigations
and laboratory studies. Texas wild-rice’s requirement for some level of springflow is
affected by physical habitat parameters (velocity, depth, substrate, and surrounding
aquatic vegetation), water quality parameters (temperature and carbon dioxide),
reproductive strategies, and non-native species. These components are intertwined and
will be discussed holistically by necessity. For example, two water quality parameters
that are considered important to Texas wild-rice growth are water temperature and carbon
dioxide concentration. At lower flows, water temperature increases and carbon dioxide
decreases, primarily as a function of springflow volume. In addition, at low-flow
conditions the boundary layer through which gases and nutrients diffuse along the surface
of aquatic plants is thicker, thus reducing the ability of the plant to uptake carbon dioxide
and/or nutrients and potentially reducing plant growth and development (Crossley and
others 2002). Swifter water flow increases nutrient and dissolved inorganic carbon uptake
by plants (Stevens and Hurd 1997, Smith and Walker 1980) by reducing the unstirred
boundary layer surrounding plant foliage (Chambers and others 1991). Depth and
velocity affect reproductive success, as does herbivory (herbivory is the consumption of
plants, algae, and photosynthesizing bacteria by herbivores).
Power (1996a, 2002) grew Texas wild-rice in three different current velocities (slow,
moderate, and fast) in Spring Lake. The results of her investigations showed that Texas
wild-rice had a better developed root system, produced more stems and overall biomass,
and allocated more biomass to vegetative growth when grown in fast current (0.82 to 1.6
feet per second [0.25 to 0.49 meters per second]) as compared to plants grown in slow
current (0 to 0.3 feet per second [0 to 0.1 meters per second]). Although slow current
produced more reproductive stems, Power felt that it was at a cost of lower productivity
and higher potential loss to herbivory. In still or shallow water, Texas wild-rice will send
a flowering stalk above the water surface. In deeper, swifter water, the plant will remain
submerged, and reproduce vegetatively by forming roots along the stem joints.
Experimentation (Vaughan 1986) and observation has shown that Texas wild-rice will
die in moist soil or even a few inches of water. The plant requires at least a foot of water
flowing over its leaves and roots for survival.
Experimental work done by Power and Doyle (2004) indicated that Texas wild-rice is an
obligate carbon dioxide user and that there is a positive relationship between current
velocity and carbon dioxide. Faster-flowing water reduces the boundary layer thickness
surrounding the leaves through which gases move primarily by diffusion. Still water or
slower current leads to slower diffusion which in turn can limit photosynthesis. Texas
wild-rice is carbon dioxide limited in slow flowing water, producing fewer submersed
leaves and more reproductive growth (at the expense of less biomass overall, making the
plant more subject to herbivory and reducing longevity).
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BIO-WEST, Inc. (2004) also evaluated the response of Texas wild-rice to various levels
of carbon dioxide in the water column. Texas wild-rice total and above-ground biomass
varied substantially in the low carbon dioxide treatment. The large variation in the low
treatment tanks may have been a result of Texas wild-rice leaves growing to the water
surface before the end of the experiment (BIO-WEST, Inc. 2004). Since the belowground biomass was significantly greater in the high carbon dioxide treatment than in the
low carbon dioxide treatment, it appears that lower carbon dioxide conditions may cause
Texas wild-rice to allocate more energy into above-ground growth and less into belowground biomass to expedite reaching the water surface. Once plants reach the water
surface, the leaves can draw carbon dioxide from the air which, in turn, would allow for
increased plant growth. The Texas wild-rice plants used in the BIO-WEST, Inc. (2004)
study were in the seedling/early growth stage where plants typically shift resources to
below-ground biomass, presumably to exploit minerals needed for continued growth and
to anchor the plant. Root biomass of plants in the high carbon dioxide treatment was
significantly greater than low and moderate carbon dioxide treatments. This suggests that
higher carbon dioxide tanks allowed higher photosynthetic rates to occur in submersed
leaves and plants were able to shift the products of that photosynthesis to below ground
biomass.
Water temperature affects the vegetative and reproductive growth of Texas wild-rice
(Tolley-Jordan and Power 2007). Cool water (60°F [15.5°C]) slows vegetative growth
and inhibits the formation of reproductive stems. In moderate temperate water (72.5°F
[22.5°C]), biomass is first accumulated in vegetative parts and then shifted to
reproductive growth later in the growing season. In warm water (83.3°F [28.5°C]) the
shift of biomass from vegetative to reproductive growth is accelerated. Although
reproduction is obviously necessary, the perennial habit allows accumulation of biomass
from one growing season to the next. Also, because reproductive structures are lifted
above the water, such parts are more vulnerable to herbivory.
One of the reasons that Texas wild-rice was listed as an endangered species was the lack
of sexual reproduction in its natural habitat. In specific response to sexual reproduction,
low flows have some benefit because lower depths and slower current velocity provide
conditions that are conducive to sexual reproduction in Texas wild-rice. This is a specific
case where some level of minimum flows with a limited frequency of occurrence can
assist in the recovery of Texas wild-rice. However, relative to the survival of Texas wildrice, if this was annually the condition, this growth form would make the plant more
susceptible to herbivory and leave no vegetative growth to sustain the plant to the next
growing season. Additionally, during lower flows, floating mats of vegetation catch on
Texas wild-rice blocking sunlight and thus photosynthesis, shredding the leaves,
interfering with reproductive culm emergence, and in some cases uprooting plants (Power
1996b). During low-flow events, lowered water depths combined with current velocity
peel the root mats of Texas wild-rice off the substrate. This has been observed at both
Sewell Park during low flows as well as within the large stands above the Interstate-35
bridge during the 2000 failure of Cape's Dam.
For the recovery of the species, the full range of the flow regime is necessary.
Devastating floods or other extreme high flow events often temporarily reduce Texas
wild-rice coverage. Plants are lost during floods due to the scouring action of the water
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itself or from trees and debris scraping the river bottom. High flow events can also rip
Texas wild-rice root mats from the substrate. Additionally, plants subjected to areas of
low carbon dioxide are hypothesized to have limited root structure, thus potentially
exacerbating the effect of floods and high-flow events in the lower reaches of the river.
Perhaps this is reason for the almost total loss of Texas wild-rice below the Interstate-35
bridge following the 1998 flood as well as its lack of re-establishment (Poole 2002).
However, such reduction in overall Texas wild-rice coverage is typically temporary, with
these events rejuvenating the bulk of the population. Rapid responses in biomass have
been observed following each flushing flow event in the past seven years (Edwards
Aquifer Authority 2007b). Also, during higher flow conditions, floating mats of
vegetation do not cling to the plants, blocking photosynthesis, hindering reproductive
growth, and shredding the leaves. Faster flowing water increases root mass, stem number,
and overall biomass.
As discussed above, the natural timing, frequency, duration, and magnitude of
springflows are important in controlling invasive and non-native species. Similar to
fountain darters, Texas wild-rice can also be affected during low-flow conditions directly
and indirectly by non-native species. Lemke (1989) documented 31 species of aquatic
macrophytes (plants large enough to see with the naked eye) in the upper San Marcos
River. Of these, 23 were native. Increasing competition with non-native species and the
resulting displacement of native species was noted. Three non-native plant species,
hydrilla (Hydrilla verticillata), West Indian hygrophila (Hygrophila polysperma), and
elephant ear (Colocasia esculenta), have significantly altered both the Comal and San
Marcos ecosystems (LBG-Guyton Associates 2004). There is a concern that aggressive
non-native plant species may gain a competitive advantage when conditions are suboptimal for Texas wild-rice. Texas wild-rice is frequently found in areas of dense growth
of the non-native macrophytes West Indian hygrophila and hydrilla (Poole and Bowles
1999). These and other non-native plants such as egeria (Egeria densa) have similar
habitat requirements as Texas wild-rice and over the years have reduced the amount of
suitable habitat for Texas wild-rice. All these non-native species occur at least in part in
habitats that could be occupied by Texas wild-rice. While it is uncertain if Texas wildrice ever occurred in abundance in the habitat currently occupied by elephant ears, it is
possible that Texas wild-rice may have used the shallower, slower current areas near the
river's edge as an area for the sexually reproductive, annual growth form.
A relatively new non-native species in the San Marcos Springs system is the water
trumpet (Cryptocoryne beckettii) that has been observed forming colonies that extend
from bank to bank excluding native plant species and threatening the habitats of Texas
wild-rice and the fountain darter (Tu 2002). The invasion of the water trumpet has
created a new and very serious threat to Texas wild-rice. Water trumpet is native to
Southeast Asia and was introduced into the San Marcos River in 1993 (U.S. Fish &
Wildlife Service 2003). The plant probably escaped into the river from a dumped
aquarium as the plant is popular in the aquarium trade (Tu 2002). The plant has habitat
preferences that are nearly identical to Texas wild-rice and had quickly established in the
section of the San Marcos River from the A.E. Wood State Fish Hatchery to the
confluence to the San Marcos and Blanco rivers, before extensive removal efforts were
undertaken (U.S. Fish & Wildlife Service 2003).
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The non-native suckermouth catfishes are believed to be impacting water quality and
causing habitat degradation in areas where their numbers are not naturally controlled.
Suckermouth catfishes reproduce by burrowing into banks and bottom sediments to
create chambers for the females to lay eggs. When burrows are dense, erosion,
sedimentation and elevated turbidity may result. Bank failure, shoreline collapse and
terracing have been observed in rivers where suckermouth catfish populations are high
(Hoover and others 2006). There is a growing concern that erosion, sedimentation, and
elevated turbidity may be affecting Texas wild-rice populations, particularly during lowflow conditions that have the potential to magnify these effects.
Nutria (Myocastor coypus) is a large semi-aquatic rodent that is smaller than a beaver and
larger than a muskrat with a round slightly haired tail. Nutria can breed year round and
are extremely prolific. Nutria are well adapted for movement on land; however, they are
more at home in the water. They are strict vegetarians and consume approximately 25
percent of their body weight daily, targeting plant stem bases and digging for roots and
rhizomes. In the San Marcos River, herbivory by nutria is believed to be a significant
factor in reducing the size and vigor of stands of Texas wild-rice (McKinney and Sharp
1995). During low-flow conditions, herbivory of Texas wild-rice has been shown to
increase.

(photo by Joe Fries)

San Marcos salamander
San Marcos salamanders are found throughout Spring Lake (at the headwaters of the San
Marcos River) where rocks are associated with spring openings and in rocky areas up to
500 feet (150 meters) below Spring Lake Dam (Nelson 1993). The San Marcos
salamander is a small, neotenic form that retains gills throughout its life. It lacks a
terrestrial phase, becoming sexually mature and breeding in the water. The primary
concerns facing the San Marcos salamander are water temperature, available physical
habitat, and water quality.
Temperature requirements are known only from research conducted to determine critical
thermal maximum for the species: 96.4ºF and 99.1ºF (35.8ºC and 37.3ºC) for juveniles
and adults, respectively (Berkhouse and Fries 1995). Temperatures at which sub-lethal
effects, such as decreased fecundity and growth rates, begin to occur are unknown.
Downstream of Spring Lake Dam there is a greater potential for water temperatures to
increase; however, studies have shown that, typically, the temperature in this portion of
the San Marcos salamander’s range remains virtually unchanged from the temperature at
the spring orifice (Groeger and others 1997). Extended low-flow or especially no flow
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conditions during hot summer months may cause temperature conditions to exceed the
tolerance requirements for the San Marcos salamander.
One of the habitat requirements of the San Marcos salamander is silt-free rocks around
the spring openings within Spring Lake and downstream of the dam (Tupa and Davis
1976, Nelson 1993, Edwards Aquifer Authority 2007b). Because the rocks used by the
salamanders are located adjacent to spring openings, they are kept silt-free as long as
water is issuing from the springs. Rocks within the habitat downstream of the dam are
more susceptible to being covered with detritus or silt that washes over the dam. No
research is available to determine what discharge levels are necessary to prevent buildup
of silt and detritus in this reach; however, some level of discharge is assumed. This area
is close to the headwaters (Spring Lake); thus, very little silt enters the system before it
reaches this section. In addition, flow is generally rapid (sufficient to prevent siltation) in
this reach as water travels over the dam and through this relatively shallow region just
downstream.
In addition to using silt-free rocks, the San Marcos salamanders are abundant in the
filamentous algae found in the upper end or “hotel reach” section of Spring Lake (Tupa
and Davis 1976, Nelson 1993, Edwards Aquifer Authority 2007b). Investigators
hypothesize that San Marcos salamanders find abundant food in the algae as well as
increased protection from predators. Because of the constancy of water temperature,
dissolved oxygen, and nutrients found in Spring Lake (McKinney and Sharp 1995), algae
remains abundant in this section of the lake. Within the period of record, changes in
discharge from the springs have had very little affect on these water quality parameters.
However, no springflow is assumed to cause major impacts to this preferred habitat type.
Wetted perimeter is another concern for the San Marcos salamander, though the relative
constancy of the water level in Spring Lake, even with changes in discharge, minimizes
this concern. Unlike habitat in the lake itself, portions of the San Marcos salamander’s
range found downstream of Spring Lake are subject to changes in wetted perimeter as
discharge fluctuates.
Recreation is another factor that can impact the San Marcos salamander population in
relation to springflow (Edwards Aquifer Authority 2007b). Recreation is regulated and
generally prohibited on Spring Lake, although archeological excavations and other
scientific investigations may disturb sites where San Marcos salamanders are found.
Downstream of the dam, the river is open to the public and portions are heavily used for
recreation especially during periods of lower springflow. During lower flow conditions,
depth at the west spillway is reduced, and underwater hazards (the remains of an old dam
at the east spillway) become visible, allowing safer use of this area, resulting in more
recreational use.
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(photo by Joe Fries)

Comal Springs riffle beetle
The Comal Springs riffle beetle (Heterelmis comalensis) was described by Bosse and
others (1988) as having functional eyes, poor dispersal due to vestigial wings, and related
to H. glabra, a winged species complex isolated in springs of west and central Texas
(Gonzales 2008). The adults and larvae are primarily collected on cotton cloth lures and
more rarely collected by hand and drift nets in springs, seeps, and upwellings of the
spring runs, western shoreline, and Spring Island area of the Comal Springs system (but
not in the headwater springs near Blieders Creek) and from a few springs and upwellings
in the headwaters of the San Marcos River (Barr 1993, Fries and others 2004, Edwards
Aquifer Authority 2007b, Gibson and others 2008).
Characteristic of the family, larvae have gills and are aquatic, often inhabiting similar
habitat as adults, and subsisting on microorganisms and debris scraped from substrate
(Brown 1987). The gills of elmid larvae can be expanded and contracted to increase
ventilation when oxygen levels are lower (White and Roughley 2008). Typically, elmids
pupate above the water line in moist soil, under rocks, or in rotting wood (White and
Roughley 2008), but pupation requirements are not known for H. comalensis. In captivity
at the National Fish Hatchery and Technology Center, hundreds of H. comalensis larvae
have been produced, but successful pupation has rarely occurred.
Elmid adults (about 100 species, 27 genera in North America) are typically found in
swifter portions of relatively clean rivers and streams (Brown 1987, White and Roughley
2008). The beetles are relatively slow moving, cannot swim, and respire through a
plastron (gas film produced by an area of dense water-repelling hairs) which limits them
to habitats with high dissolved oxygen (Brown 1987, Resh and others 2008, White and
Roughley 2008). Elmids in the genus Heterelmis often occur on submerged wood (Brown
1976), presumably using it as a source of nutrition, and several species have been
collected in large numbers from shoreline seeps and springs in Texas (Gonzales 2008).
They likely feed on fungus and bacteria growing on roots, woody debris, and leaf litter
within these areas. Thus, intact riparian areas with trees and shrubs are important (U.S.
Fish & Wildlife Service 2007). Bowles and others (2003) and BIO-WEST, Inc. (2002a)
found that the Comal Springs riffle beetles mainly occurred in areas with gravel and
cobble and not in areas of high sedimentation. Reduction in springflow can cause areas to
become unsuitable for the beetles by lowering dissolved oxygen and increasing
sedimentation.
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The Comal Springs riffle beetle appears to be strongly tied to surface spring habitat as
opposed to the riverine species H. vulnerata which has been found on rocks and woody
debris on the streambed surface just downstream of Landa Lake (Old Channel) and
Spring Lake (East Dam). The Comal Springs riffle beetle has only been collected in or
very near springs. When searching around upwellings within Landa Lake, they have not
been observed outside of the spring openings in areas where water chemistry and
substrate are very similar. They likely inhabit shallow subterranean areas within springs
because this is a pigmented and eyed species that is collected in substantial numbers near
the surface on cotton cloth lures (Edwards Aquifer Authority 2007b, Gibson and others
2008, Gonzales 2008) and is not morphologically adapted to subterranean life like the
dryopid beetle (Stygoparnus). During drought conditions, the Comal Springs riffle beetle
has similar constraints as Stygoparnus but is likely affected negatively to a greater extent
than the dryopid beetle as the water table is reduced.
Recent mitochondrial DNA analysis indicated high levels of differentiation among most
H. comalensis subpopulations (located at the three main spring runs, West Shoreline, and
Spring Island at Comal Springs and the headwaters of San Marcos Springs). Populations
of H. comalensis contained higher levels of genetic variation and exhibited greater
differentiation than populations of the more widespread and common H. vulnerata.
Populations of H. comalensis appear to be significantly isolated from each other despite
relatively little geographic isolation and no obvious barriers to gene flow in most cases.
However, H. comalensis populations do not appear to have suffered the loss of genetic
variation expected with small population sizes. Instead, the West Shoreline, Spring Island
and the San Marcos Springs H. comalensis populations contain surprising amounts of
genetic variation, including several private haplotypes, which indicates that these
localities probably support unexpectedly large populations. Within the Comal Springs
system, the populations found in the higher elevation springs (spring runs 1, 2, and 3)
contained the lowest amount of genetic variation and contained no unique haplotypes as
compared to the West Shoreline and Spring Island populations. This and the fact that the
beetles are not found in the higher elevation headwater springs (spring run 4 and 5 near
Blieders Creek) could be the result of beetle population reductions (due to bottleneck
effects) in these areas due to drought (Gonzales 2008).
Subterranean species
Given that we have a poor understanding of the range of the aquifer-dwelling species
(Peck's cave amphipod, Comal Springs dryopid beetle, and Texas blind salamander), the
question of minimum flows should be expanded to include sub-surface flows. For the
aquifer-dwelling listed species, a lack of discharge may not only degrade habitat near the
spring orifice, but lead to changes in the subterranean habitat such as water quality,
siltation, and temperature changes, at least near the surface. Longley (1981) notes that
there are at least 29 other species of invertebrates existing in the aquifer, most of these
being endemic. The reason that these were not listed by agencies is primarily because it
has been thought that listing one species from a community is sufficient to protect the
community. In addition to the Texas blind salamander discussed later, there are at least
four other vertebrate species that are found only in the aquifer and therefore are subject to
the same issues affecting the Texas blind salamander. In recent years there have been
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additional species discovered and all of these subterranean species are unique and in need
of protection. Since the Federal Endangered Species Act is designed to protect the critical
habitat of species, it has been thought that all of these species are afforded protection if
one species from the ecosystem is listed. The following discussions provide some
information on flow requirements for the listed species.

(photo by Joe Fries)

Comal Springs dryopid beetle
The Comal Springs dryopid beetle (Stygoparnus comalensis) described by Barr and
Spangler (1992) is the only known subterranean adapted (vestigial eyes and wings and
lacking pigment) beetle in the family Dryopidae. The adults and larvae have been rarely
collected by hand, drift net, and cotton cloth lures in springs, seeps, and upwellings
throughout the Comal Springs system. The species was also collected from Fern Bank
Springs in 1992 (13 individuals from one of the small hillside seeps) and in 2003 (1
individual from a small spring outlet on the water’s edge of the Blanco River) (Barr 1993,
Fries and others 2004, Edwards Aquifer Authority 2007b, Gibson and others 2008). This
species has not been found in wells or caves.
Characteristic of this small family, larvae do not have gills and are considered terrestrial,
inhabiting moist soil along stream banks (Brown 1987). The larvae of two species of
Helichus (the nearest relatives to Stygoparnus) were found up to 16 feet (5 meters) from
stream edge (Ulrich 1986). Barr and Spangler (1992) presumed the microhabitat to be
soil, roots, and debris exposed above the waterline on the ceilings of spring orifices.
Adult dryopids are found in relatively clean rivers and streams feeding on biofilm
scraped from surfaces such as rocks, wood, and vegetation (Brown 1987). They are
relatively slow moving, cannot swim, and respire through a plastron which limits them to
habitats with high dissolved oxygen (Brown 1987, Resh and others 2008). As springflow
is reduced, dissolved oxygen may also be reduced. A reduction in dissolved oxygen
would likely result in a reduction of suitable habitat available to Stygoparnus, thus
potentially reducing population size.
Although adapted for subterranean life, the beetle appears to live near the surface due to
the terrestrial larvae and a diet which likely includes decaying root matter supplied by the
riparian area associated with the springs (U.S. Fish & Wildlife Service 2007). The species
survived the drought of 1956 when Comal Springs ceased to flow. During drought
conditions, the beetle can likely retreat into the aquifer, but reduction in population likely
occurs as suitable habitat for the species becomes reduced as the water table drops. If the
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water drops below the root line for an extended time, extinction could follow. As the
water recedes, the slow moving beetle might find difficulty in moving through the
smaller interstitial spaces as well as finding required habitat for survival, growth, egg
deposition, and pupation (including nutrients, oxygen levels, moisture, and pupation sites
as well as increased predation). Extended drought conditions could negatively affect the
riparian habitat associated with the springs resulting in lowered nutrient input which can
reduce beetle populations and slow the recovery of the beetle population as this area is reestablished.

(photo by Joe Fries)

Peck’s cave amphipod
Peck’s cave amphipod (Stygobromus pecki) was first collected by Peck in 1964 and later
described by Holsinger (1967). They are members of the flagellatus group of
Stygobromus which is distinguished as having insular patterns of speciation, being greatly
restricted in ranges, and occupying deeper groundwater niches. This group is composed
of four described and maybe the same number of undescribed species all found in the
Edwards Aquifer of central Texas (Holsinger 1967). The genus Stygobromus has around
100 species; all are subterranean and found primarily in North America with a few in
Eastern Europe and Siberia (Holsinger 1994).
Peck’s cave amphipods have been collected in springs, seeps, and upwellings throughout
the Comal Springs system, Panther Canyon Well, and Hueco Springs (Barr 1993, Fries
and others 2004, Edwards Aquifer Authority 2007b, Gibson and others 2008). They are
found in gravel, rocks, and associated debris (leaves, roots, and wood) directly in or near
springs or collected drifting out of spring orifices (Fries and others 2004, Edwards
Aquifer Authority 2007b, Gibson and others 2008). They most likely are omnivores
feeding on detritus and decomposing plant material, and scavenging or preying on other
aquifer organisms (U.S. Fish & Wildlife Service 2007). They have been observed eating
other invertebrates soon after capture from the wild (Fries and others 2004) and have
been reared in captivity for at least 2.7 years with dried leaves as the primary nutrient
source and rarely introduced tropical fish flakes as an additional source. At Comal
Springs, Peck’s Cave amphipods were relatively abundant and usually bright orange in
color, as opposed to Hueco Springs where they were relatively rare and were the typical
white color exhibited by most unpigmented cave organisms. The color of some
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amphipods, and crustaceans in general, often is dependent on diet, which usually includes
carotienoids produced by plants, algae, and probably some bacteria (Negre-Sadargues
and others 2000, Fraser and Bramley 2004, Gaillard and others 2004). It is possible that
the orange coloration found within the Comal Springs population is derived from food
sources (that is, roots, woody debris, and leaf litter) that are scarce at Hueco Springs
(Gibson and others 2008). The relative abundance of the Peck’s cave amphipods near the
surface at Comal Springs is likely due to a nutrient source supporting the population
provided by the spring associated riparian area which could also be contributing to the
orange color. This species appears to be restricted in range with the largest numbers
supported in the shallow habitat of Comal Springs. During drought conditions, this
species can likely inhabit deeper groundwater niches, but as the water recedes the nutrient
base will be reduced and the population could be significantly affected. Population
genetics of the Peck’s cave amphipod has just begun at Texas State University by Dr.
Chris Nice.

(photo from U.S.Fish & Wildlife Service)

Texas blind salamander
This neotenic (retention of some juvenile characteristics as adults) salamander is aquatic
throughout life and lives in the water-filled cavernous areas of the Edwards Aquifer in the
San Marcos area. The Texas blind salamander is probably stenothermal (capable of
surviving over only a narrow range of temperatures) and restricted to water temperatures
near 69.8ºF (21°C). It feeds on the biota of the aquifer including shrimp, amphipods,
isopods, and other invertebrates. The Texas blind salamanders apparently sense the
movements of their prey with specialized structures on their head region. These
salamanders have been able to lay eggs and have them develop in the laboratory at the
Cincinnati Zoo, the San Marcos National Fish Hatchery and Technology Center, the Fort
Worth Zoo, the Dallas Zoo, and Texas State University.
Primary concerns to the Texas blind salamander are depth of the water table and water
temperature. The latter is an assumption based on the constant temperatures of the water
in which the species is found; more research is needed to address the effects of
temperature changes to the species. Regardless, the temperature of the water stored in the
aquifer is constant at approximately 69.8ºF (21°C), which is unaffected by temperatures
aboveground or fluctuations in discharge from spring openings. Depth of the water table
fluctuates depending on recharge to the aquifer and withdrawals made from it. Despite
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concern for a decline in the water table, the springs feeding the San Marcos River (in
Spring Lake) have not ceased flowing in recorded history.
Water quality beyond just temperature is another area of potential concern to the Texas
blind salamander. Concerns with water quality include human activities in the recharge
zone (that is, non-point source runoff, sewage leaks, and other chemical contamination)
and lowered aquifer levels preventing adequate dilution to these contaminants. There is
also concern with encroachment of saline water into spring areas during extended lowflow periods. This would result from the movement of the “Fresh Water/Saline Water
interface,” which is approximately 160 feet (50 meters) from some of the San Marcos
Spring openings.

Task 2.2:

If alternatives exist to minimum flows that may not reduce
appreciably the likelihood of the survival and recovery in the
wild by reducing the reproduction, numbers, or distribution of
each species listed under the Endangered Species Act
identified in Section 3.2 of the Edwards Aquifer Recovery
Implementation Program Memorandum of Agreement,
identify and provide a preliminary evaluation of those
alternatives to protect those federally listed species.
Recommendation: At this time, the Edwards Aquifer
Area Expert Science Subcommittee believes that no
proven alternatives exist as a replacement for
minimum flows as discussed below; however,
potential management strategies involving flow have
been proposed and should be further evaluated.

Our interpretation of the task
Our interpretation of this task is that an “alternative” to minimum flows would be
something other than “flow” (for example, a replacement for flow). The use of refugia
has been proposed by stakeholders as one such alternative. As discussed below, although
refugia play a vital role in the protection of threatened and endangered species, refugia
are not viable or effective alternatives to maintaining minimum flows.
There are potential management strategies, such as springflow augmentation,
recirculation, and artificial recharge, which may be proven in the future to maintain or
enhance minimum springflows and thus maintain the biological community. However,
our interpretation is that these strategies, if proved successful, may enhance minimum
flows; thus, they are not considered “alternatives” to minimum flows.
We interpret “survival and recovery” in this task the same as we described in Task 2.1,
with “survival” being the continued existence of individuals for some period of time and
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“recovery” constituting the conservation and survival of a species. Finally, we interpret
“in the wild” as in the physical environments of the spring, river, and/or aquifer in which
the species currently exist.
Discussion
The use of ex-situ (off-site) or captive propagation as a protective measure for certain
Edwards Aquifer aquatic species has been employed by the U.S. Fish & Wildlife Service
since 1990. In-situ (a Latin phrase meaning “in the place”) refugia, another type of
refugia that has been discussed by stakeholders, refers to a subset of the available habitat
in a given spring system that could be intensively managed to house a given species for
some period. The goal of in-situ refugia would be to sustain species and habitat when
conditions are poor, while also providing the opportunity for research in these areas when
conditions are favorable. We agree that certain aspects of in-situ refugia have potential
merit and should be evaluated. However, we believe that in-situ refugia are unproven for
the Comal and San Marcos springs systems at this time. Therefore, our discussion in this
section focuses solely on ex-situ refugia, with in-situ refugia discussed further in Task
2.3 (identification of additional studies).
The Policy Regarding Controlled Propagation of Species Listed under the Endangered
Species Act states that “Controlled propagation is not a substitute for addressing factors
responsible for an endangered or threatened species’ decline” (U.S. Fish & Wildlife
Service and National Oceanic and Atmospheric Administration 2000). The policy
supports controlled propagation associated research, the establishment of refugia, the
production of plants and animals for restocking, and conservation of species to prevent
extinction. The policy requires that a controlled propagation plan include the evaluation
of the following risks: effects of removing individuals from the wild, effects of losing
some or all of the individuals being maintained in captivity, genetic changes that
controlled propagation individuals could convey to wild populations, and the effects of
diseases that controlled propagation individuals could introduce to wild populations (U.S.
Fish & Wildlife Service and National Oceanic and Atmospheric Administration 2000).
All risks associated with controlled propagation are greatly compounded when recovery
of a species is solely reliant on a refugium to prevent extinction. Before Lake Amistad
was filled, Gambusia amistadensis was collected from Goodenough Springs and placed
in a refugium. The habitat utilized by G. amistadensis was destroyed when Lake Amistad
was filled. It is assumed that G. affinis was unintentionally collected when G.
amistadensis was collected. Gambusia affinis out competed G. amistadensis while they
both were being held in the refugium, and G. amistadensis was lost and became extinct
(Hubbs 1984).
Currently, there are only two Edwards Aquifer Recovery Implementation Program
aquatic species (fountain darters and Texas wild-rice) that have been successfully
propagated in captivity; however, it is unproven that both species can be maintained in
captivity for multiple generations. The other five species (excluding the San Marcos
gambusia, which is thought to be extinct) would thus lack protection. Captive
propagation techniques for the San Marcos salamanders have not been fully developed.
San Marcos salamander techniques have been developed to hatch eggs, feed the larvae,
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feed juveniles, and feed adults. San Marcos salamander reproduction routinely occurs at
the San Marcos National Fish Hatchery and Technology Center, but reproduction cannot
be induced or predicted. Over 10 years have been invested in studying San Marcos
salamander reproduction, yet the controlling factors have not been identified. Genetic
manipulation of the species through the mating of given individuals is not currently
possible. Without this ability, the genetic diversity of the salamanders used for restocking
the native habitat cannot be assured. Over the years, the San Antonio Zoo, the Dallas
Aquarium, the Cincinnati Zoo, the Detroit Zoological Institute, the National Aquarium in
Washington, D.C., and the National Aquarium in Baltimore have maintained one or more
salamander species associated with the Edwards Aquifer (San Marcos salamander and
Texas blind salamander), but none of the facilities have maintained the number of
salamanders that are routinely maintained at the San Marcos National Fish Hatchery and
Technology Center. The zoos are viewed as research collaborators but not as refugia.
Comal Springs riffle beetles are being maintained at the San Marcos National Fish
Hatchery and Technology Center, but captive propagation techniques require further
improvement. Adult riffle beetles have been collected from the wild and have been
successfully reared and reproduced. Eggs have hatched, and thousands of larvae reared.
However, only a few larvae have pupated to the adult stage. Thus, adults could not be
produced for restocking purposes. Only the San Marcos National Fish Hatchery and
Technology Center is maintaining live Comal Springs riffle beetles in captivity.
The development of captive propagation techniques for the Peck’s cave amphipod is in
its infancy. The San Marcos National Fish Hatchery and Technology Center is
maintaining less than 100 individuals in captivity. Over a three year period, adults
collected from the wild successfully reproduced, and a few offspring survived to
adulthood and produced young. This species developed slowly in captivity and has been
observed to be cannibalistic which can be problematic for culture. The Comal Springs
dryopid beetle is rare; less than 20 beetles are collected annually. Until the availability of
the Comal Springs dryopid beetle increases, it is unlikely that the San Marcos National
Fish Hatchery and Technology Center will actively pursue the development of captive
propagation techniques for this species. No facility is maintaining live Comal Springs
dryopid beetles in captivity.
Even though fountain darters and Texas wild-rice could likely be maintained in refugia
for several generations, potential problems exist. Captive populations are too easily lost
for the existence of a species to be solely dependent on that technique. The two existing
fountain darter refugia, San Marcos National Fish Hatchery and Technology Center and
the Uvalde National Fish Hatchery, maintain only wild-captured fish. Fountain darters
from the Comal and San Marcos rivers are collected generally in the spring and fall to
replace darter losses that occurred during the preceding six months. Neither facility is
designed to maintain captive populations that do not rely on a wild source of fish to
produce offspring for stocking purposes. Existing facilities would not permit sufficient
numbers of fountain darters and Texas wild-rice to be produced to assure that a reintroduced population would be genetically reflective of the natural population. Fountain
darters are a short-lived species, 18 months in the wild (Schenck and Whiteside 1976).
Texas wild-rice seeds cannot typically be stored longer than nine months. The longer the
54

species are held in refugia and the older the brood stock used to produce the fish and
plants for stocking, the lower the probability of successful re-establishment.
Another component of maintaining a population for reintroduction is the probability of
success that a given species can reestablish self-sustaining populations. Although not an
example of a reintroduction from a refugium, a case study presented itself when the
Comal Springs stopped flowing in 1956 and the fountain darter was subsequently
eliminated from the Comal River. Fountain darters from the San Marcos Springs system
were stocked into the Comal River during the mid 1970s, and a population exists in the
Comal River today because of this reintroduction (Schenck and Whiteside 1976). It is
currently unknown if a similar reintroduction and corresponding success could be
achieved with just refugium populations. A major problem to successful reintroduction is
whether or not the springs will be flowing at a sufficient level to permit the population to
rapidly recover. The re-introduction of the existing aquatic invasive species (specifically
the gill parasite Centrocestus formosanus) and new invasive species also have the
potential to negatively effect the re-establishment of the fountain darter.
As with the fountain darter, the amount of Texas wild-rice in ex-situ refugia represents a
small proportion of its wild population. Refugium populations are similar to small wild
populations and face some of the same threats. Catastrophic stochastic events such as
pests, pathogens, power loss, and contamination can wipe out refugium stocks as easily
as a wild population. The genetic composition of a refugia population may change
relative to a wild population through genetic drift (random loss of alleles or change of
allele frequencies leading to fixation of alleles and loss of genetic diversity), artificial
selection (adaptation to cultivation conditions such as nutrient, light, water, temperature
and competitive regimes), mutation accumulations (less strenuous growing conditions
can lead to the survivorship of less fit individuals), inbreeding depression (selffertilization or breeding between closely related individuals can lead to a reduction in the
fitness of the offspring), and outbreeding depression (individuals from widely separated
populations may have unique genetic adaptations for their local environment; the
breeding of such individuals may result in offspring that are poorly adapted to either
parental environment). Additionally, the seeds for Texas wild-rice cannot typically be
stored for longer than nine months (Power and Fonteyn 1995). Refugia also assume
eventual reintroduction. Reintroduction, especially that of an entire community, is an
extremely difficult, time-consuming, and expensive process.
The success of planting Texas wild-rice into the San Marcos River and other spring
systems has not been good. Using plants grown in raceways on the campus of Southwest
Texas State University, W.H.P. Emery, professor at Southwest Texas State University,
tried to reintroduce Texas wild-rice into the San Marcos River in the 1970s (Power
1996c). Some of the transplants did survive, but their reason for success is not known
(Power 1996c). An attempt was made to introduce the species outside of its historic range
to Salado Creek in Bell County, Texas (Beaty 1976). The introduction was unsuccessful
due to local recreation pressure and periodic vegetation removal from the creek. Terrell
and others (1978) attempted to grow Texas wild-rice in a laboratory in Beltsville,
Maryland. Although one plant flowered, all plants eventually succumbed to mites. In the
late 1980s Fonteyn and Power (1989) removed elephant ears from along the banks of the
San Marcos River and transplanted Texas wild-rice in its place. Despite a second planting
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after a flood swept away all the original transplants, only one plant out of several hundred
survived; it flowered and then died.
In 1992 to 1994, Power transplanted almost 700 young plants into Spring Lake in five
different habitats defined by depth and current velocity (Rose and Power 1992, 1994;
Power 1996a, 1996c). Although water depth did not appear to be limiting, velocity was.
Plants in still or slow water (less than 0.13 feet per second [0.04 meters per second]) were
gone within three years. The other transplants have maintained moderate-sized stands as
of 2008. Power also transplanted Texas wild-rice above the Interstate-35 bridge and in
the river between the state fish hatchery and the wastewater treatment plant. Some of
these transplants were also alive as of 2008. During the breach of Cape's Dam in early
2000, plants were either moved immediately and replanted in deeper water or were taken
to the San Marcos National Fish Hatchery and Technology Center. After plants were
removed from the area of Clear Springs Apartments in summer 2006, Mara Alexander
and other U.S. Fish & Wildlife Service staff replanted the area. Flooding washed away
some of the transplants, but some remain as of 2008. Alexander also began a study
planting seeds in degradable cloth bags to determine if seeds would be a more reliable
and less resource-consuming method of establishing wild-rice than transplants.
The problems associated with how and where to plant Texas wild-rice in the San Marcos
River are compounded by non-native plants out competing Texas wild-rice. After flood
events, the gains made by wild-rice are small compared to the gains made by elephant
ear, hydrilla, and water trumpet. It is safe to assume that other non-native plants that out
compete Texas wild-rice will be introduced into the San Marcos River in the future. In
conclusion, reintroduction of Texas wild-rice is still not an assured science. Although
some reintroductions of Texas wild-rice appear to be successful, reintroduction or even
restoration of the entire San Marcos ecosystem has not been attempted.

Task 2.2.1: Your consideration of alternatives should include an
evaluation of information provided by Recovery
Implementation Program members on this issue.
We have evaluated and taken into consideration the information provided by members of
the Recovery Implementation Program. Position papers submitted by the members are
included in Appendix F.

Task 2.2.2: Your consideration of alternatives also should be mindful of
impacts on protected species other than those species listed
under the Endangered Species Act identified in Section 3.2 of
the Edwards Aquifer Recovery Implementation Program
Memorandum of Agreement.
During the evaluation, we considered protected species (for example, subterranean
species, Cagle’s map turtle, and whooping crane) other than the Edwards Aquifer
Recovery Implementation Program species. The Edwards Aquifer Recovery
Implementation Program species are members of complex biological communities that
include many species that coexist in these specific environments. The goal of protecting
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the listed species is to protect the ecosystem as a whole, which in turn offers protection to
the full suite of organisms. However, as no alternative was identified as a replacement for
minimum flows, no detailed response was necessary.

Task 2.3:

Identify existing studies regarding the ability of each
alternative other than maintaining minimum springflows to
protect federally threatened or endangered species. Identify
additional studies or data needed to fully evaluate each of
these alternatives, including an estimate of the time and cost
to conduct such studies and any different alternatives that
might be explored in the future.

As no alternative was identified as a replacement for minimum flows, no response is
necessary. However, we felt that some additional information on additional studies or
data gaps relative to refugia would be informative. Therefore, we discuss both ex-situ
refugia and in-situ refugia below.
Discussion
The establishment of fountain darter and Texas wild-rice refugia and the research
associated with these refugia has led to the determination of the requirements needed to
rear and reproduce these species in captivity. Similar research has been conducted for the
other Edwards Aquifer Recovery Implementation Program species, and progress is being
made to determine their respective requirements. As discussed under Task 2.2, life
history information for the endangered invertebrates is extremely limited. The literature
cited and additional references provided (Appendix G) include numerous studies that
have been conducted over the years to improve the understanding of the Edwards Aquifer
Recovery Implementation Program species. Goals for additional studies relative to the
invertebrates would be to, first, gain a better understanding of the general life history
requirements of these species and to, second, use that knowledge to develop protocols to
rear and reproduce these species in captivity. These efforts have been initiated at the San
Marcos National Fish Hatchery and Technology Center but will require substantial
resources beyond what is currently available for any real chance of meeting these goals.
Finally, should these goals be achieved, the vital component of reintroduction would need
to be addressed. These additional studies would enhance the knowledge of species
requirements and likely improve efficiency and effectiveness of ex-situ refugia. However,
even with improvements to our understanding of life history requirements, plus
technology advancements over time, we believe that ex-situ refugia will continue to
provide only short-term protection from species extinction, and should not be considered
an alternative to minimum flows.
In-situ refugia have only been evaluated for the Comal and San Marcos springs systems
in a conceptual framework (LBG-Guyton Associates 2004). There are two aspects of insitu refugia that warrant further investigation: (1) the redirection of springflow within
either the San Marcos or Comal springs system during times of limited springflow and
(2) the establishment of specific in-situ refugia areas for constant protection and potential
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environmental research. It is most logical to focus these activities on surface-dwelling
species. Additionally, it is probably most logical to focus on the fountain darter and
Texas wild-rice because of the knowledge base already established. Several major
questions would need to be addressed, including (1) Would in-situ activities be effective
in maintaining survival for periods of time in the wild? and (2) Would the gain from
protecting smaller areas in the systems outweigh the impacts required to sacrifice water
to make this feasible? There are a host of other questions to be addressed including the
physical possibility of constructing such areas or diversion devices, the cost, the length of
effectiveness, species to be included, and other potential considerations.
One potential study would be to evaluate the use of existing structures or temporary dams
to divert water from lower quality habitat to maintain acceptable quality habitat longer in
other areas. Elevation of the upstream-most dam in the Comal River New Channel would
permit maintenance of higher quality habitat in the Old Channel for a longer period of
time. This is also true if the height of boards controlling the chute opening on the western
spillway of Spring Lake dam was raised to divert all water over the eastern spillway. The
use of inflatable dams in Spring Lake and Landa Lake to concentrate the flow of spring
discharge across the best fountain darter and Texas wild-rice habitats while eliminating
areas of low habitat quality has merit. In Spring Lake, an inflatable dam has been
proposed to block off water flow into the slough (Sink Creek confluence area) portion of
the lake. In Landa Lake, inflatable dams would be used to quarantine off the large
Vallisneria sp. beds that support low densities of fountain darter. As with the use of recirculated water, an evaluation needs to be done to determine if the benefits to
populations in the proposed enhanced areas will exceed the damage done to the
populations in the dammed off areas.
Another potential opportunity would be to explore environmental restoration and research
feasibility within either the Comal or San Marcos springs systems. An area that is well
suited for this type of activity is the Old Channel within the Comal system. The Old
Channel has been overrun with non-native vegetation and is not the high quality habitat
that it was merely five years ago (Edwards Aquifer Authority 2007b). A proposal to
examine the effectiveness of an Intensively Managed Area at Comal Springs could be
tested in the field. The goal of the Intensively Managed Area would be to provide in-situ
refugia for species when conditions are poor, while also providing the opportunity for
research when conditions are favorable. Conducting in-situ experiments to evaluate low
discharge responses of fountain darters and their habitats (with a focus on aquatic
vegetation) would assist in providing insight into habitat responses during low-flow
conditions in the wild.
At this time, a companion strategy to an Intensively Managed Area pilot study would be
to restore the higher quality (native) vegetative habitat for fountain darters within the Old
Channel reach in the Comal Springs system. One proposed area would be between the
culvert that directs flow from Landa Lake into the Old Channel and the low-water golf
course road. The length of this segment of river is approximately 900 feet (275 meters).
Flow enters the proposed study reach through two culverts, which are both controlled by
the City of New Braunfels along with the U.S. Fish & Wildlife Service. In addition to the
culvert that directs flow from Landa Lake into the head of the Old Channel, there is
another culvert that directs water from the lake into the city swimming pool area and then
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into the Old Channel about 575 feet (175 meters) downstream from the first culvert. The
majority of the proposed Intensively Managed Area would be within the downstreammost 300 feet (100 meters) of this reach.
The basic conceptual design of the project is to install a diversion structure and pipeline
to re-circulate a portion of the flow in the Old Channel from a point near the golf course
road back up to a point near where the flow-through swimming pool water enters the
channel. This could potentially provide higher discharge through the immediate project
area during periods of limited recharge. It is anticipated that water chemistry conditions
would not change substantively using this re-circulation design, but that component
would also need to be evaluated prior to implementation. In addition to re-circulation, the
pipeline would allow the transfer of water in both directions so that during normal to high
flow periods a portion of the flow could be directed around the project area. The ability to
lower discharge through the project area, without affecting the total flow available to
downstream users, would provide an ideal situation for experimentation of the impacts of
different streamflow conditions.
Although Intensively Managed Areas might have merit, there are a number of factors that
would need to be studied in detail. Re-circulation of water to maintain fountain darter or
Texas wild-rice habitat should be further evaluated before it is recommended. The effect
of increased water temperature and total dissolved gas levels on fountain darter
reproduction and health and the effect of increased water temperature and concomitant
decreased carbon dioxide level on Texas wild-rice (and other native aquatic plants)
growth are the factors that should receive priority attention. The effect of increased water
temperature on darters in the area where the pumped water is discharged and the area
below where the water is picked up and pumped upstream would need to be conducted. If
the benefits to the populations in the re-circulated water area do not exceed the damage
done by re-circulation to the habitat downstream of the re-circulated water area, water recirculation should not be done. If the water temperature exceeds 77°F (25°C), a
significant decrease in fountain darter fry production will probably occur (McDonald and
others 2007). As water temperature increases, the ability of water to hold gases in
solution decreases. As carbon dioxide levels decrease in the water, the quality of the
habitat to support Texas wild-rice decreases (BIO-WEST, Inc. 2004). If the water
temperature exceeds 84°F (29°C), Texas wild-rice would shift to an annual sexual
reproductive mode (Tolley-Jordan and Power 2007). This could be detrimental to wildrice as the annual sexual phase leaves no vegetative material behind as well as being
more vulnerable to herbivory. Beyond this temperature, the effects on Texas wild-rice are
unknown and should be studied. However, the two former concerns are more pertinent to
recovery of species rather than survival. The latter concern could affect survival of Texas
wild-rice. It is acknowledged that during extremely low-flow conditions (whether
experienced naturally or artificially) fountain darter reproduction and Texas wild-rice
growth may actually be non-existent for short periods of time.
To demonstrate the complexity of any ecological evaluation regarding threatened and
endangered species we need only to examine a few of the obstacles involved in any
Intensively Managed Area feasibility study or pilot project. Re-circulated water has been
used for years to rear fountain darters at the San Marcos National Fish Hatchery and
Technology Center. Chillers are used at the hatchery to maintain the re-circulated water
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temperature below 73°F (23°C). During the summer months, moving water through
uninsulated pipes causes an increase in water temperature. As water temperatures rise, the
solubility of gases in water decreases. A rise of only a few degrees can cause unsaturated
water to become saturated when the water is contained within a pipe. Minute gas bubbles
form in saturated water, and these gas bubbles can pass through the gills into the blood
stream of both salamanders and fishes. The bubbles can be fatal. As total gas saturation
level increases above 100 percent, the mortality rate of both fountain darters and San
Marcos salamanders increases (Schaefer 2000). Total dissolved gas levels in the recirculated water at the hatchery are routinely monitored, and adjustments are made to
keep total dissolved gas levels below saturation. If water is to be pumped and circulated
within the Comal and San Marcos rivers, total dissolved gas levels within the water will
need to be monitored, and mechanisms must be present that allow for total dissolved gas
level adjustments to be made. Damage done to listed and unlisted organisms that pass
through the pumps needs to be considered. It is assumed that fountain darters, San
Marcos salamanders, and the invertebrates they consume will all pass through the pumps.
Texas wild-rice tillers also break free from parent plants and drift down the river. The
effect of the tillers passing through the pumps needs to be considered. The above are only
a few of the ecological factors, and not the permitting, political, and economic
considerations, that these types of efforts will no doubt entail.
In summary, additional studies would be required before a determination of the potential
of in-situ refugia as a supplement to minimum flows could be adequately made.
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Task 2.4:

Investigate spring flow volume measurement methodologies
currently in use and evaluate their accuracy. If any are
deemed to be inadequate, suggest alternative measuring
methods.
Recommendation: The Edwards Aquifer Area
Expert Science Subcommittee recommends that
•

the accuracy of the stage-discharge
relationships be reassessed whenever it
appears spring flows are approaching the
critical period management triggers and

•

a concrete low-flow control section be
installed in the San Marcos River at a location
minimizing disturbance of endangered species
and maximizing accuracy of continuous
measurements.

Spring flow measurements are important for understanding the magnitude and variability
of flow as it relates to endangered species and critical period management triggers.
Because the U.S. Geological Survey estimates spring flows at San Marcos and Comal
springs, under contract with the Edwards Aquifer Authority, we invited George Ozuna of
the survey to give us a presentation about measurements of flow at the springs. Note that
we did not consider measurements of flow at Fern Bank Springs or Hueco Springs.
Comal Springs
The U.S. Geological Survey currently estimates flow at Comal Springs using a stagedischarge relationship to compute mean daily flows. The stage-discharge relationship is
developed by measuring flow velocity profiles, using those profiles to calculate total
flow, and then relating that flow to a stage level (water surface elevation). Flow
measurements are made routinely at a selected cross section of the channel about 25 feet
(10 meters) upstream of the control structure.
The accuracy of the stage-discharge relationship thus far in the 2008 water year is -1.92
percent. The independent manually measured flow accuracy range for the same period is
-5.9 percent to -0.1 percent. At present there have been 675 discharge measurements
made at this location. The accuracy of measurements has substantially defined the present
rating in use.
The accuracy of measurements could be increased by additional measurements in the
upper portions of the rating curve. Periodic discharge measurements could be made at a
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cross section located about 150 feet (50 meters) downstream of the control structure and
compared to the discharge measured at the upstream cross section to assess the accuracy
of the measurements.
San Marcos Springs
Flows from San Marcos Springs are estimated in the same manner as for Comal Springs
except for the location of the gage and where manual measurements of flow are made.
There is also an acoustic velocity meter connected to the gage to continuously measure
the velocity of the stream.
The accuracy of the stage-discharge relationship thus far in the 2008 water year is 11.6
percent. The independent manually measured flow accuracy range for the same period is
-16.8 percent to +24.5 percent. The variability of accuracy is related to aquatic plant
growth in the channel and the altering of flow caused by the addition or removal of water
retention barriers of the upstream gated area.
Increased manual discharge measurements would provide a better relationship by
reducing the computational efforts of rating shift applications and better define specific
areas of the rating in use. More dramatic improvements could be achieved if a low-water
control was added along with vegetation control.
One of the issues with past spring flow estimates has been the redefinition of the stagedischarge relationship. A stage-discharge relationship is affected by stream morphology,
and stream morphology changes with time. Therefore, as time goes by, the streamdischarge relationship may become less accurate. This occurred in the fall of 2006 when
a redefinition of the stream-discharge relationship caused the U.S. Geological Survey to
revise spring flow rates for San Marcos Springs. These revisions elevated flows that had
been under the Stage 2 critical period management trigger to above the trigger. Therefore,
the Edwards Aquifer Area Science Subcommittee recommends that the U.S. Geological
Survey measure flows to test to accuracy of the stage-discharge relationship whenever it
appears spring flows may approach drought triggers. The subcommittee further
recommends that the U.S. Geological Survey coordinate with the U.S. Fish & Wildlife
Service and other resource agencies to select an appropriate location for a low-flow
control section in the San Marcos River that minimizes the disturbance of endangered
species and maximizes accuracy of continuous measurements.
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Task 3: Should the trigger levels for San Marcos Springs for
the San Antonio Pool be adjusted?
Recommendation: At this time, the Edwards Aquifer
Area Expert Science Subcommittee believes that
trigger levels for San Marcos Springs should not be
adjusted.

Our interpretation of the task
This task is focused on whether or not the critical period management triggers for San
Marcos Springs for the San Antonio Pool should be adjusted. We interpreted this task,
given its timing in the recovery implementation process, to refer to the current critical
period management plan as expressed in Senate Bill 3 of the 80th Legislature, Regular
Session.

Task 3.1:

Should the trigger levels for the San Antonio pool based on
San Marcos Springs flow be adjusted?

To address this task, we requested that the Edwards Aquifer Authority provide San
Marcos Springs flow data for when water levels in Index Well J-17 and flows in Comal
Springs hit their different critical period management triggers for declining and
increasing water levels and springflows, respectively. We requested this for the period
1980 to 2007, a period when flow at San Marcos Springs was being measured most
accurately. We asked for this information to evaluate the importance of the San Marcos
Springs triggers in the context of the other triggers.
Current trigger levels for San Marcos Springs are 96 cubic feet per second (2.7 cubic
meters per second) for Critical Period Stage I and 80 cubic feet per second (2.3 cubic
meters per second) for Critical Period Stage II. For Index Well J-17, critical period
triggers are water level elevations of 660 feet (201 meters) at Critical Period Stage I, 650
63

feet (198 meters) at Critical Period Stage II, 640 feet (195 meters) at Critical Period Stage
III, and 630 feet (192 meters) at Critical Period Stage IV. For Comal Springs, critical
period triggers are flows of 225 cubic feet per second (6.4 cubic meters per second) at
Critical Period Stage I, 200 cubic feet per second (5.7 cubic meters per second) at Critical
Period Stage II, 150 cubic feet per second (4.2 cubic meters per second) at Critical Period
Stage III, and 100 cubic feet per second (2.8 cubic meters per second) at Critical Period
Stage IV. San Marcos Springs does not have trigger levels for stages III and IV.
When water levels are decreasing and hit the Critical Period Stage I trigger for Index
Well J-17 (660 feet [201 meters]), most of the flows (94 percent) measured at San
Marcos Springs are above the spring flow trigger (96 cubic feet per second [2.7 cubic
meters per second]) (Figure 16). A similar pattern—most of the flows at San Marcos
Springs are greater than the San Marcos Springs trigger—is observed for the Index Well
J-17 Stage I trigger when water levels are rising (Figure 17). For the Stage II trigger for
Index Well J-17 (650 feet [198 meters]), flows at San Marcos Springs have all been
higher than the Stage II trigger for San Marcos Springs (80 cubic feet per second [2.3
cubic meters per second]; Figures 16 and 17). A similar pattern is observed for the
Comal Springs triggers with respect to flow and San Marcos Springs—most if not all
flows at San Marcos Springs are greater than its triggers when the triggers are hit for
Comal Springs (Figures 18 and 19).
Based on modeling (Edwards Aquifer Authority 2007a, Mace and others 2007; Mace and
Wade 2008), these current critical period triggers do not prevent the cessation of flow at
Comal Springs during a repeat of the drought of record; however, these triggers do
preserve flow at San Marcos Springs (Edwards Aquifer Authority 2007a). Given the
broader purpose of the recovery implementation program, changes to these triggers may
be recommended when the recovery implementation program has been developed.
Senate Bill 3 places the current trigger for flow at San Marcos Springs in a position
where it occasionally leads Index Well J-17 and Comal Springs in hitting its trigger going
into critical period drought and occasionally lags Index Well J-17 and Comal Springs
when coming out of critical period drought. It is unclear from statute what the
management goal is in the placement of this trigger; therefore, it is difficult for us to
scientifically assess the appropriateness of the current trigger. Given this, the potential
revisiting of the trigger as part of the recovery implementation program, and lack of
understanding of flow with respect to San Marcos Springs as discussed in Task 1, we are
not able to recommend an adjustment to the drought triggers for San Marcos Springs at
this time.
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Figure 16:

Flow at San Marcos Springs for whenever the water level in Index Well J17 was decreasing and crossing a critical period management trigger. This
figure shows that the flow at San Marcos Springs would almost always be
above its critical period management trigger when water levels in Index
Well J-17 were at its triggers. Note that San Marcos Springs does not have
Stage III or Stage IV triggers (ft = feet; cfs = cubic feet per second; data
shown for the period 1980 through 2007).

Figure 17:

Flow at San Marcos Springs for whenever the water level in Index Well J17 was increasing and crossing a critical period management trigger. This
figure shows that the flow at San Marcos Springs would almost always be
above its critical period management trigger when water levels in Index
Well J-17 were at its triggers. Note that San Marcos Springs does not have
Stage III or Stage IV triggers (ft = feet; cfs = cubic feet per second; data
shown for the period 1980 through 2007).
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Figure 18:

Flow at San Marcos Springs whenever flow at Comal Springs was
declining and crossing its critical period management trigger. This figure
shows that the flow at San Marcos Springs would almost always be above
its critical period management trigger when flow at Comal Springs was at
its triggers. Note that San Marcos Springs does not have Stage III or Stage
IV triggers (cfs = cubic feet per second; data shown for the period 1980
through 2007).

Figure 19:

Flow at San Marcos Springs whenever flow at Comal Springs was
increasing and crossing its critical period management trigger. This figure
shows that the flow at San Marcos Springs would always be above its
critical period management trigger when flow at Comal Springs was at its
triggers. Note that San Marcos Springs does not have Stage III or Stage IV
triggers (cfs = cubic feet per second; data shown for the period 1980
through 2007).
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Task 3.2:

Investigate spring flow volume measurement methodologies
currently in use and evaluate their accuracy. If any are
deemed to be inadequate, suggest alternative measuring
methods.

This task is the same as Task 2.4. Please see our response to Task 2.4.
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Comal Springs in 2005 (photo by Mary Musick)
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The old power plant near Comal Springs (photo by Carol Patterson)
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Appendix A: The formation and operation of the Edwards
Aquifer Area Expert Science Subcommittee
The Texas Legislature required the Steering Committee for the Edwards Aquifer
Recovery Implementation Program to establish an Edwards Aquifer Area Expert Science
Subcommittee of individuals “with technical expertise regarding the Edwards Aquifer
system, the threatened and endangered species that inhabit that system, springflows, or
the development of withdrawal limitations.” The legislature required the subcommittee to
prepare “initial recommendations by December 31, 2008”, regarding:
•
•
•

The option of designating a separate San Marcos pool, of how such a designation
would affect existing pools, and of the need for an additional well to measure the
San Marcos pool if designated
The necessity to maintain minimum springflows, including a specific review of
the necessity to maintain a flow to protect federally threatened and endangered
species; and
Whether adjustments in the trigger levels for the San Marcos Springs flow for the
San Antonio pool should be made.

The Steering Committee refers to these recommendations as the “k” charges. In making
their recommendations, the Science Subcommittee was tasked to “consider all reasonably
available science” and “base its recommendations solely on the best science available.”
In addition, the legislature tasked the subcommittee to “operate on a consensus basis to
the maximum extent possible.”
The Steering Committee appointed 15 scientists to serve on the Expert Science
Subcommittee and one non-voting member. A list of the members and their affiliations is
included at the beginning of this report (page iii).
Members were seated using a formal nomination and selection process:
• The Steering Committee established an Expert Science Subcommittee
nominations workgroup to handle the application process.
• The workgroup accepted nominations from members of the Edwards Aquifer
Recovery Implementation Program (an individual could also nominate
themselves).
• Nominated individuals were asked to complete and submit an application
summarizing their applicable areas of expertise and any possible conflicts of
interest.
• The workgroup reviewed and compiled all applications by area of expertise.
• The compiled applications information was made available to all members of the
Edwards Aquifer Recovery Implementation Program.
• Members of the Edwards Aquifer Recovery Implementation Program were
invited to endorse nominees without limitation on the number of endorsements.
• The workgroup presented the endorsement results to the Steering Committee.
• At the January 2008 general Edwards Aquifer Recovery Implementation Program
meeting, the Steering Committee held open discussions regarding the selection of
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the Expert Science Subcommittee members. Consensus was reached to seat seven
members, and these seven members were tasked to make recommendations to the
Steering Committee regarding filling the remaining eight vacancies from the
original pool of nominees/applicants.
• The newly-formed Expert Science Subcommittee met in late January 2008 and
reached consensus regarding recommendations to fill the remaining eight
vacancies.
• At the February 2008 general Edwards Aquifer Recovery Implementation
Program meeting, the Steering Committee reached consensus on the eight
nominees recommended by the Expert Science Subcommittee. At this same
meeting, the Steering Committee reached consensus on the addition of one nonvoting member to the subcommittee.
• Subsequent filling of available Expert Science Subcommittee slots (due to
resignations) was accomplished by the Expert Science Subcommittee reaching
consensus on a nominee/applicant from the original pool and making a
recommendation to the Steering Committee. In each case, the subcommittee’s
recommendation was accepted by the Steering Committee.
Additional information about the establishment and the work of the Science
Subcommittee can be found at http://earip.tamu.edu/SciComm.cfm.
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Appendix B: Excerpts from the Edwards Aquifer Authority
Act, as amended by Senate Bill 3, Regular Session, 80th
Legislature, that concern the Edwards Aquifer Area
Expert Science Subcommittee
Section 1.14 WITHDRAWALS
(a) Authorizations to withdraw water from the aquifer and all authorizations and
rights to make a withdrawal under this Act shall be limited in accordance with
this section to:
(1) protect the water quality of the aquifer;
(2) protect the water quality of the surface streams to which the aquifer
provides springflow;
(3) achieve water conservation;
(4) maximize the beneficial use of water available for withdrawal from the
aquifer;
(5) recognize the extent of the hydro-geologic connection and interaction
between surface water and groundwater;
(6) protect aquatic and wildlife habitat;
(7) protect species that are designated as threatened or endangered under
applicable federal or state law; and
(8) provide for instream uses, bays, and estuaries.
(b) Repealed by Act of May 28, 2007, 80th Leg., R.S., ch. 1351, § 2.09, 2007 Tex.
Gen. Laws 4612, 4634; Act of May 28, 2007, 80th Leg., R.S., ch. 1430, §
12.09, 2007 Tex. Gen. Laws 5848, 5908.
(c) Except as provided by Subsections (f) and (h) of this section and Section 1.26
of this article, for the period beginning January 1, 2008, the amount of
permitted withdrawals from the aquifer may not exceed or be less than
572,000 acre-feet of water for each calendar year, which is the sum of all
regular permits issued or for which an application was filed and issuance was
pending action by the authority as of January 1, 2005.
(d) Repealed by Act of May 28, 2007, 80th Leg., R.S., ch. 1351, § 2.09, 2007 Tex.
Gen. Laws 4612, 4634; Act of May 28, 2007, 80th Leg., R.S., ch. 1430, §
12.09, 2007 Tex. Gen. Laws 5848, 5908.
(e) The authority may not allow withdrawals from the aquifer through wells
drilled after June 1, 1993, except for replacement, test, or exempt wells or to
the extent that the authority approves an amendment to an initial regular
permit to authorize a change in the point of withdrawal under that permit.
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(f) If the level of the aquifer is equal to or greater than 660 feet above mean sea
level as measured at Well J-17, the authority may authorize withdrawal from
the San Antonio pool, on an uninterruptible basis, of permitted amounts. If the
level of the aquifer is equal to or greater than 845 feet at Well J-27, the
authority may authorize withdrawal from the Uvalde pool, on an
uninterruptible basis, of permitted amounts.
(h) To accomplish the purposes of this article, the authority, through a program,
shall implement and enforce water management practices, procedures, and
methods to ensure that, not later than December 31, 2012, the continuous
minimum springflows of the Comal Springs and the San Marcos Springs are
maintained to protect endangered and threatened species to the extent required
by federal law and to achieve other purposes provided by Subsection (a) of
this section and Section 1.26 of this article. The authority from time to time as
appropriate may revise the practices, procedures, and methods. To meet this
requirement, the authority shall require:
(1) phased adjustments to the amount of water that may be used or
withdrawn by existing users or categories of other users, including
adjustments in accordance with the authority's critical period
management plan established under Section 1.26 of this article; or
(2) implementation of alternative management practices, procedures, and
methods.
Act of May 30, 1993, 73rd Leg., R.S., ch. 626, § 1.14, 1993 Tex. Gen. Laws 2350, 2360; as
amended by Act of May 28, 2007, 80th Leg., R.S., ch. 1351, § 2.02, 2007 Tex. Gen. Laws
4612, 4627; Act of May 28, 2007, 80th Leg., R.S., ch. 1430, § 12.02, 2007 Tex. Gen. Laws
5848, 5901.
Section 1.26A DEVELOPMENT OF WITHDRAWAL REDUCTION LEVELS
AND STAGES FOR CRITICAL PERIOD MANAGEMENT THROUGH
RECOVERY IMPLEMENTATION PROGRAM.
(h) Where reasonably practicable or as required by law, any meeting of the
steering committee, the Edwards Aquifer area expert science subcommittee,
or another subcommittee established by the steering committee must be open
to the public.
(i) The steering committee appointed under this section shall appoint an Edwards
Aquifer area expert science subcommittee not later than December 31, 2007.
The expert science subcommittee must be composed of an odd number of not
fewer than seven or more than 15 members who have technical expertise
regarding the Edwards Aquifer system, the threatened and endangered species
that inhabit that system, springflows, or the development of withdrawal
limitations. The Bureau of Economic Geology of The University of Texas at
Austin and the River Systems Institute at Texas State University shall assist
the expert science subcommittee. Chapter 2110, Government Code, does not
apply to the size, composition, or duration of the expert science subcommittee.
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(j) The Edwards Aquifer area expert science subcommittee shall, among other
things, analyze species requirements in relation to spring discharge rates and
aquifer levels as a function of recharge and withdrawal levels. Based on that
analysis and the elements required to be considered by the authority under
Section 1.14 of this article, the expert science subcommittee shall, through a
collaborative process designed to achieve consensus, develop
recommendations for withdrawal reduction levels and stages for critical
period management including, if appropriate, establishing separate and
possibly different withdrawal reduction levels and stages for critical period
management for different pools of the aquifer needed to maintain target spring
discharge and aquifer levels. The expert science subcommittee shall submit its
recommendations to the steering committee and all other stakeholders
involved in the recovery implementation program under this section.
(k) The initial recommendations of the Edwards Aquifer area expert science
subcommittee must be completed and submitted to the steering committee and
other stakeholders not later than December 31, 2008, and should include an
evaluation:
(1) of the option of designating a separate San Marcos pool, of how such a
designation would affect existing pools, and of the need for an
additional well to measure the San Marcos pool, if designated;
(2) of the necessity to maintain minimum springflows, including a specific
review of the necessity to maintain a flow to protect the federally
threatened and endangered species; and
(3) as to whether adjustments in the trigger levels for the San Marcos
Springs flow for the San Antonio pool should be made.
(l) In developing its recommendations, the Edwards Aquifer area expert science
subcommittee shall:
(1) consider all reasonably available science, including any Edwards
Aquifer-specific studies, and base its recommendations solely on the
best science available; and
(2) operate on a consensus basis to the maximum extent possible.
(m) After development of the cooperative agreement, the steering committee, with
the assistance of the Edwards Aquifer area expert science subcommittee and
with input from the other recovery implementation program stakeholders,
shall prepare and submit recommendations to the authority. The
recommendations must:
(1) include a review of the critical period management plan, to occur at
least once every five years;
(2) include specific monitoring, studies, and activities that take into
account changed conditions and information that more accurately
reflects the importance of critical period management; and
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(3) establish a schedule for continuing the validation or refinement of the
critical period management plan adopted by the authority and the
strategies to achieve the program and cooperative agreement described
by this section.
Act of May 28, 2007, 80th Leg., R.S., ch. 1351, § 2.06, 2007 Tex. Gen. Laws 4612, 4630;
Act of May 28, 2007, 80th Leg., R.S., ch. 1430, § 12.06, 2007 Tex. Gen. Laws 5848, 5904.

84

Appendix C: Initial charges from the Steering Committee to
the Edwards Aquifer Area Expert Science
Subcommittee
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INITIAL CHARGE OF THE STEERING COMMITTEE
TO THE SCIENCE SUBCOMMITTEE
February 21, 2008
The Steering Committee of the Edwards Aquifer Recovery Implementation Program
(“EARIP”) requests the expert science subcommittee (“Science Subcommittee”), through
an open and collaborative process designed to achieve consensus, to, among other things,
analyze species requirements in relation to spring discharge rates and aquifer levels, as a
function of recharge and withdrawal levels. The Steering Committee further requests the
Science Subcommittee to review existing legislative critical period management triggers
and levels for their scientific merit and develop recommendations for withdrawal
reduction levels and stages for critical period management including, if appropriate,
establishing separate and possibly different withdrawal reduction levels and stages for
critical period management for different pools of the aquifer needed to maintain target
spring discharge and aquifer levels. Any significant direct work on these
recommendations should await the development of the specific decision evaluation
framework regarding endangered species from the U.S. Fish and Wildlife Service and the
development of specific charges by the EARIP.
To begin fulfilling the request described above, the initial task of the Science
Subcommittee will be to complete an evaluation of the following three items:
(1) The option of designating a separate San Marcos pool, how such a designation
would affect existing pools, and of the need for an additional well(s) to measure the
San Marcos pool, if designated;
(2) The necessity to maintain minimum springflows, including a specific review of
the necessity to maintain a flow to protect the federally threatened and endangered
species; and
(3) Whether adjustments in the trigger levels for the San Marcos Springs flow for the
San Antonio pool should be made.
In conducting this evaluation, the EARIP expects the Science Subcommittee members to
evaluate all reasonably available science and make its recommendations based solely on
the best science available as determined by the Science Subcommittee. Because many of
the members of the subcommittee have a history of involvement in the study and analysis
of aquifer issues, we expect and require that they evaluate the reasonably available
science with an unbiased perspective and considering the full range of options and issues.
The Steering Committee encourages the Science Subcommittee to identify any issues that
are policy issues and to seek input from the Steering Committee on those policy issues as
well as any questions the Science Subcommittee may have regarding this charge.
With respect to the three items listed above, we specifically ask the Science
Subcommittee to develop the following information and provide answers to the following
specific questions to assist the EARIP in evaluating their recommendations.

Item 1: The option of designating a separate San Marcos pool, of how such a designation
would affect existing pools, and of the need for an additional well(s) to measure the San
Marcos pool (if designated).
1.1 Identify the data and modeling that exist regarding whether a separate
San Marcos pool should be designated? Are the data sufficient to support
the designation of a separate San Marcos pool?
1.2 Provide your evaluation of the hydrogeological evidence and identify the
data gaps.
1.3 If there are data to support the designation of such a pool, what should be
the extent and boundaries of such pool?
1.4 To what extent is this pool hydrologically independent?
1.5 Is there a need for an additional well or additional wells to measure the
San Marcos pool, if one were designated. If so, what is the most
effective location for such well(s)?
1.6 Your evaluation of this issue should include consideration of information
provided by RIP members.
Item 2: The necessity to maintain minimum springflows, including a specific review of
the necessity to maintain a flow to protect the federally threatened and endangered
species
2.1. Is a minimum springflow required for the survival and recovery of each species
listed under the Endangered Species Act identified in Section 3.2 of the EA RIP
Memorandum of Agreement?
2.2. If alternatives exist to minimum flows that may not reduce appreciably the
likelihood of the survival and recovery in the wild by reducing the reproduction,
numbers, or distribution of each species listed under the Endangered Species Act
identified in Section 3.2 of the EA RIP Memorandum of Agreement, identify and
provide a preliminary evaluation of those alternatives to protect those federallylisted species.
2.2.1 Your consideration of alternatives, should include an evaluation of
information provided by RIP members on this issue.
2.2.2 Your consideration of alternatives also should be mindful of impacts on
protected species other than those species listed under the Endangered
Species Act identified in Section 3.2 of the EA RIP Memorandum of
Agreement.
2.3. Identify existing studies regarding the ability of each alternative other than
maintaining minimum springflows to protect federally threatened or endangered
species. Identify additional studies or data needed to fully evaluate each of these
alternatives, including an estimate of the time and cost to conduct such studies,
and any different alternatives that might be explored in the future.
2.4. Investigate springflow volume measurement methodologies currently in use and
evaluate their accuracy. If any are deemed to be inadequate, suggest alternative
measuring methods.

Item 3: Whether adjustments in the trigger levels for the San Marcos Springs flow for the
San Antonio pool should be made
3.1. Should the trigger levels for the San Antonio pool based on San Marcos
springflow be adjusted? Identify the existing data available to develop
recommendations regarding such adjustments and what additional information
will be necessary to make such recommendations.
3.2. Investigate springflow volume measurement methodologies currently in use and
evaluate their accuracy. If any are deemed to be inadequate, suggest alternative
measuring methods.
S.B. 3 requires the Science Subcommittee to employ “a collaborative process designed to
achieve consensus” and to “operate on a consensus basis to the maximum extent
possible.” Further, the meetings of the Science Subcommittee must be open to the
public. In carrying out this charge, the Science Subcommittee is encouraged to invite
outside scientists to participate in discussions, give presentations, or participate in any
subgroups established by the Science Subcommittee.
The Science Subcommittee shall submit, in the form of a written initial report, its answers
to these questions and a discussion of the basis for its answers and other relevant
information to the steering committee and all other stakeholders involved in the EARIP
no later than December 31, 2008. The Science Subcommittee shall present a brief report
of its progress and its plans for future activities at each joint RIP and Steering Committee
monthly meeting.
These charges may be modified by the Steering Committee during the course of the
Science Subcommittee’s discussions.

Appendix D: Memorandum of Agreement for the Edwards
Aquifer Recovery Implementation Program
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MEMORANDUM OF AGREEMENT FOR EDWARDS
AQUIFER RECOVERY IMPLEMENTATION PROGRAM
This Memorandum of Agreement (“MOA”) is intended to serve as the Memorandum of
Agreement for the Edwards Aquifer Recovery Implementation Program (the “Program”) under
the Endangered Species Act and as the Memorandum of Agreement required by Senate Bill 3. It
is made and agreed to by the Parties signing below and is effective on the Effective Date. The
Parties will work together in good faith and cooperation to achieve the purposes and goals
provided in the following provisions of this MOA.
Article 1. Purposes
Section 1.1. The purpose of this MOA is to formally initiate the development and
implementation of the Edwards Aquifer Recovery Implementation Program. The Program is a
collaborative initiative among stakeholders to participate in efforts to contribute to the recovery
of the Edwards Species, develop aquifer management measures, and develop conservation
measures for the Edwards Aquifer.
Section 1.2. During the 80th Regular Session, the Texas Legislature enacted Senate Bill 3,
establishing, among other things, minimum requirements applicable to the Program. It is the
intent of the Parties to comply with those minimum requirements and to build upon them to
ensure that the Program is as effective and as inclusive as is reasonably possible, while also
maintaining compliance with applicable provisions of the Endangered Species Act.
Section 1.3. The Parties acknowledge that Program efforts will be mindful of minimizing
impacts on other protected species when advancing Program initiatives. The Parties also
acknowledge the necessity of finding ways to balance the Program’s contribution to recovery of
Edwards Species with human water needs, while maintaining compliance with applicable
provisions of the Endangered Species Act.
Article 2. Goals
Section 2.1. The goals of the Program, which are intended to be broadly interpreted, include,
but are not limited to, the following:
(a) review, develop, and implement sound scientific research, analysis and other
measures which contribute to understanding and meeting the needs of the Edwards
Species;
(b) review, develop, and implement strategies which balance the needs of the Edwards
Species with overall water use and supply in the Edwards Aquifer region;
(c) develop and complete an implementing agreement by December 31, 2009;
(d) develop and complete a program document by September 1, 2012, that shall take
effect December 31, 2012, and may be in the form of a habitat conservation plan for the
Edwards Species;
(e) implement the program document; and
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(f) secure federal, state, and other available funding to assist with the development and
implementation of the Program.
Section 2.2. The Parties to this MOA will participate in good faith in a cooperative, consensusbased process consistent with the purposes of the Program, and the requirements and deadlines
imposed by Senate Bill 3. The Parties acknowledge that reasonable flexibility to adapt Program
activities, particularly in response to new information and changed circumstances, is necessary to
effectively meet the purposes of the Program.
Article 3. Definitions and Construction.
Section 3.1. Definitions. In this MOA, the following terms shall have the meanings assigned in
this section unless the context clearly specifies a different meaning:
“Edwards Aquifer” means the same as the definition for “Aquifer” used in The Edwards Aquifer
Authority Act.
“Edwards Species” means aquatic species that (1) are listed as threatened or endangered pursuant
to the Endangered Species Act, and (2) are found in the Edwards Aquifer or found in or around
the springs associated with the Edwards Aquifer. The Edwards Species, as of the Effective Date,
are as follows: fountain darter, San Marcos gambusia, San Marcos salamander, Texas blind
salamander, Comal Springs riffle beetle, Comal Springs dryopid beetle, Peck’s cave amphipod,
and Texas wild rice. This definition may be expanded by decision of the Steering Committee,
without amending the MOA, to include additional species that are proposed for listing as
threatened or endangered and that otherwise meet the definition of Edwards Species.
“Effective Date” means the date this MOA is effective, which shall be that date on which the
MOA has been executed by duly authorized representatives of (1) the Edwards Aquifer
Authority, United States Fish and Wildlife Service, Texas Commission on Environmental
Quality, Texas Parks and Wildlife Department, Texas Department of Agriculture, Texas Water
Development Board and (2) of other interests designated in Senate Bill 3 as initial members of
the Steering Committee such that, collectively, at least 75% of the initial members of the
Steering Committee have signed the document.
“Endangered Species Act” means the federal Endangered Species Act of 1973, as amended, 16
U.S.C. §§ 1531, et seq.
“Habitat Conservation Plan” means a conservation plan as referred to in Section 10 (a)(2), 16
U.S.C. § 1539 (a)(2), of the Endangered Species Act.
“Recovery” means the process by which the decline of an endangered or threatened species is
arrested or reversed, and threats removed or reduced so that the species’ long term survival in the
wild can be ensured.
“Senate Bill 3” means Article 12 of Senate Bill 3, 80th Regular Session, 2007, of the Texas
Legislature and Article 2 of House Bill 3, 80th Regular Session, 2007, of the Texas Legislature.
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The Articles amend the Edwards Aquifer Authority Act (“Act”), Chapter 626, Acts of the 73rd
Legislature, Regular Session, 1993, Section 1.26(A) of the Act provides for the development of a
recovery implementation program. Identical provisions are included in Article 2 of House Bill 3,
80th Regular Session of the Texas Legislature.
Section 3.2. Construction. The Parties intend this MOA to be construed to comply with
Senate Bill 3 establishing, among other things, minimum requirements applicable to the Program
and with applicable requirements of the Endangered Species Act.
Article 4. Participation
Section 4.1. The Parties pledge to participate in good faith in an open, voluntary, and
cooperative process that will strive to reach consensus on issues that further the purposes and
goals of the Program. To achieve these purposes and goals, the Program will be overseen by a
Steering Committee designed to ensure opportunities for participation and adequate
representation of stakeholders. The Steering Committee will adopt procedures consistent with
the MOA to ensure the Program includes, but is not limited to, the following procedural
elements: an open process, advance public notice of meetings and proposed actions, opportunity
for stakeholder participation, open communication, and consensus-based decision-making.
Section 4.2. Senate Bill 3 established the composition of an initial Steering Committee. Senate
Bill 3 also allows, upon execution of this MOA, the initial Steering Committee to vote to add
Members and to change the composition of the Steering Committee. In order to ensure adequate
stakeholder representation on the Steering Committee, the signatories of this MOA recommend
that the Steering Committee, at its earliest opportunity, add to the Steering Committee five other
persons in the following categories:
(a) A representative of a holder of an Edwards Aquifer Authority initial regular permit
issued to a small municipality (population under 50,000) located east of San Antonio,
(b) A representative of Edwards Aquifer region municipal ratepayers/general public,
(c) A representative of Guadalupe River Basin municipal ratepayers/general public,
(d) A representative of a conservation organization, and
(e) A representative of the Nueces River Authority.
Section 4.3. The Steering Committee will adopt procedures for the designation of primary,
alternate, and replacement members of the Steering Committee. When changing or adding
members, including members in addition to those listed in Section 4.2, the Steering Committee
shall seek to maintain the balance of interests represented in the initial Steering Committee as set
out in Senate Bill 3.
Section 4.4. In accordance with Senate Bill 3, the Steering Committee shall appoint an Edwards
Aquifer area expert science subcommittee no later than December 31, 2007. As soon as
reasonably possible, the Steering Committee shall establish a recharge facility feasibility
subcommittee; other subcommittees shall be established as the Steering Committee determines
appropriate. The Steering Committee shall ensure procedural elements are adopted to ensure an
open process, advance public notice of meetings and proposed actions, opportunity for

December 13, 2007

3

stakeholder participation, open communication, and consensus-based decision-making are
followed in subcommittees.
Article 5. Governance
Section 5.1. In addition to the responsibilities expressed in Senate Bill 3, the Steering
Committee will adopt procedures to: address employment of a Program Manager and determine
the Program Manager’s role in the Program; establish appropriate Program subcommittee
processes, to include membership, responsibilities, and decision-making recommendations;
obtain funding for the Program ; adopt or amend Program Operational Rules; and other matters
for which the Steering Committee determines procedures are necessary.
Section 5.2. The goal of the Steering Committee is to achieve consensus-based decisionmaking. Consensus is reached when no Member of the Steering Committee is opposed to a
proposal. It is understood and accepted that in order to achieve a consensus on the Steering
Committee, each Member will be open to pursuing “win-win” alternatives and to considering
variations on the proposal that he or she might initially prefer. In its deliberations, the Steering
Committee shall seek to exhaust every reasonable and practicable effort to reach consensus.
Section 5.3. In furtherance of consensus-based decision-making, when a proposal to the
Steering Committee involving a Tier 1 decision (as set out in Section 5.5) does not achieve
consensus, the Steering Committee will adopt a process which requires further deliberation and
development of the proposal by an Issue Team. The Issue Team will be a smaller team of
stakeholders as appointed by the Steering Committee and will include, to the extent practicable,
participants representing all different viewpoints on the proposal, which may include participants
who are not members of the Steering Committee. The Issue Team process will provide an
opportunity for input from other stakeholders. The goal of the Issue Team is to achieve
consensus on the proposal, or to develop a restatement of the proposal that may better achieve
consensus of the Steering Committee. If after resubmission to the Steering Committee, or
restatement of the proposal and resubmission to the Steering Committee, consensus has not been
achieved, the Steering Committee will then vote on the proposal. A resubmitted or restated
proposal will be deemed to have been approved by the Steering Committee when at least 75
percent of the entire Steering Committee has voted in favor of the proposal in accordance with
voting procedures to be adopted by the Steering Committee.
Section 5.4. The Steering Committee will adopt procedures for appointment of Issue Teams,
time requirements for resubmission and restatement of proposals, flexibility to continue to
pursue consensus, an allowance for a minority report to be included with Tier 1 decisions, and
voting procedures. These procedures to be adopted by the Steering Committee will apply to all
Tier 1 decisions.
Section 5.5. The following types of decisions are considered to be Tier 1 decisions:
(a) Hiring or terminating of Program Manager;
(b) Approval of annual budget;
(c) Formal Recommendations to the EAA;
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(d) Recommendations or Reports to the Legislature;
(e) Membership, responsibilities, and procedures of subcommittees;
(f) Changes to the membership of the Steering Committee beyond initial changes set out
in Section 4.2 above;
(g) Adoption and amendment of the decision process of the Steering Committee;
(h) Decisions related to adoption or amendment of any Program agreements including,
but not limited to the Memorandum of Agreement, the Implementing Agreement, the
Cooperative Agreement, and the Program Document;
(i) Adoption or amendment of Program Operational Rules; and
(j) Any significant action determined by the Steering Committee to require Tier 1
decision-making in accordance with procedures to be developed.
Section 5.6. The Steering Committee will adopt simplified procedures for all other decisions of
the Steering Committee. For those decisions other than Tier 1 decisions, a decision will be
deemed to have been approved by the Steering Committee when a majority of the entire Steering
Committee has voted in favor of the proposal in accordance with voting procedures adopted by
the Steering Committee. Non-Tier 1 decisions are not subject to the Issue Team process
described in Section 5.3.
Article 6. General Provisions
Section 6.1. This MOA shall remain in effect until the earlier of September 1, 2012 or the
execution of a program document in compliance with the requirements of Senate Bill 3 and the
Endangered Species Act. However, any signatory retains the ability to withdraw from the
Program at any time by providing written notice of withdrawal to the Steering Committee. This
MOA, including the term of the MOA, may be amended by action of the Parties in accordance
with Senate Bill 3 and the decision processes established by the Steering Committee.
Section 6.2. Nothing herein shall constitute, nor be deemed to constitute, an obligation of future
appropriations by the signatories to this MOA where creating such an obligation would be
inconsistent with applicable federal, state, or local laws. Funding commitments made under this
MOA by the signatories are understood to be contingent on obtaining approval and
appropriations by the applicable local, state, or federal regulatory or legislative bodies. This
MOA does not create an exclusive arrangement between the United States Fish and Wildlife
Service (Service) or the Department of the Interior and the Parties to this agreement or commit
the Service or the Department of the Interior to enter into any contract or other binding
obligation. By entering into this MOA, no Party is obligated to enter into any contract or other
binding obligation. This MOA is subject to and is intended to be consistent with all applicable
federal, state, and local laws.
Section 6.3. All signatories to this MOA recognize that various parties have statutory
responsibilities that cannot be delegated. Nothing in this MOA shall be construed to abrogate
any of the statutory responsibilities of any signatory of the MOA, including:
(1)
responsibilities that relate to implementing specific strategies included in the
Program Document;
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(2)
authority to decide whether to approve any document, or amendment thereto,
specifically required to be entered into by the parties under Senate Bill 3; or
(3)

the Service's statutory authority under the Endangered Species Act.

Section 6.4. This MOA is effective on the date fully signed as described in the Definition of
Effective Date. The MOA may be signed by additional stakeholders, including other appropriate
federal agencies, following the Effective Date of the MOA.
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Appendix E. Presentations made to the Edwards Aquifer Area
Expert Science Subcommittee
Dr. Geary Schindel (Chief Technical Officer, Edwards Aquifer Authority)
TOPIC: EAA San Marcos Report (Evaluation of the option to designate a
separate San Marcos pool for critical period management)
Dr. Todd Votteler (Executive Director - Guadalupe-Blanco River Trust/Executive
Manager of Intergovernmental Relations and Policy)
TOPIC: Analysis of how Index Well J-17 predicts springflow
Doyle Mosier (Inland Fisheries, River Studies Program, Division Manager, Texas Parks
and Wildlife Department)
TOPIC: Habitat and minimum springflows
Doyle Mosier (Inland Fisheries, River Studies Program, Division Manager, Texas Parks
and Wildlife Department) and Michael Gonzales (Manager, San Antonio River
Authority, Environmental Services Department)
TOPIC: Instream flows
Jackie Poole (Botanist, Texas Parks and Wildlife Department) & Dr. Mara Alexander
(Botanist, U.S. Fish & Wildlife Service, San Marcos National Fish Hatchery and
Technology Center )
TOPIC: Texas wild-rice and refugia operations
Dr. Tom Brandt (Director, San Marcos National Fish Hatchery and Technology Center,
U.S. Fish & Wildlife Service)
TOPIC: Refugia
Larry Land (Engineer, HDR Engineering, Inc.)
TOPIC: Hydrologic connection of the Edwards Aquifer between San Marcos
Springs and Barton Springs
TOPIC: Impact of pumping the LCRA well on flow from Comal Springs during
the 1950s drought
TOPIC: Calculations and comparisons of Edwards Aquifer recharge in the
eastern recharge basins.
Dr. Charles Kreitler (Vice President, LBG-Guyton Associates)
TOPIC: Augmentation report as related to the San Marcos Pool question
TOPIC: Cibolo Creek transfers
George Ozuna (Assistant Director, U.S. Geological Survey, Texas Water Science
Center)
96

TOPIC: U.S. Geological Survey science activities in the Edwards Aquifer
TOPIC: U.S. Geological Survey Comal Springs flowpath study
Rick Lindgren: (Hydrologist, U.S. Geological Survey, Texas Water Science Center)
TOPIC: U.S. Geological Survey numerical groundwater flow models
Darwin Ockerman (Hydrologist, U.S. Geological Survey, Texas Water Science Center)
TOPIC: Streamflow and recharge simulations in the Cibolo Creek watershed
using the hydrological simulation program—FORTRAN (HSPF)
model
Eddie Collins (Research Associate, Bureau of Economic Geology, The University of
Texas at Austin)
TOPIC: Structure of the aquifer and lithologic barriers
Dr. Chris Nice (Associate Professor, Department of Biology, Texas State University)
TOPIC: Edwards Aquifer species genetics and conservation
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Appendix F. Position papers submitted by the Recovery
Implementation Recovery stakeholders
The Edwards Aquifer Area Expert Science Subcommittee solicited position papers from
any interested stakeholder involved with the Edwards Aquifer Recovery Implementation
Program. Instructions were to identify, per task/charge, three references that the
stakeholder felt the subcommittee needed to consider and a position paper limited to one
page. The positions are given according to Senate Bill 3’s k(1), k(2), and k(3) charges to
the subcommittee (see Appendix B) which correspond to tasks 1, 2, and 3, respectively,
in this document. Except for formatting, we have not edited these submissions. This
appendix includes these submissions, listed in alphabetical (citation style) order.
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Guadalupe-Blanco River Authority
k(1) Position
Submitted by: Todd Votteler, Ph.D., Guadalupe-Blanco River Authority
Date: June 9, 2008
Supporting references/documentation:
1. Votteler, Todd H., Water from a Stone: The Limits of the Sustainable
Development of the Texas Edwards Aquifer. Doctoral Dissertation, Southwest
Texas State University, Chair Prof. Joe G. Moore, Jr., March 15, 2000, pp 468.
2. Mace, Robert, Andrew Donnelly, Shirley Wade, GAM Run 06-33a, Texas Water
Development Board, February 12, 2007.
3. Milly, Betancourt, Hirsch, et al., “Stationarity Is Dead: Whither Water
management?” Science, 319(2008): 573-574.
Position:
Based on current available information, there is no compelling reason for designating a
separate San Marcos pool within the San Antonio segment of the Edwards Aquifer.
Hydrologically, it appears correct that springflows from one or more of the spring
openings at San Marcos Springs are driven by something other than, or in addition to,
levels of the Aquifer as measured by groundwater index well J-17, but this does not mean
that the flow system for San Marcos Springs is "separate" or "independent" from J-17
levels or the flow system for Comal Springs. To the contrary, it is clear that withdrawals
of water from anywhere in the San Antonio segment of the Edwards Aquifer cause
reductions in springflows at both San Marcos and Comal Springs, and that San Marcos
springflows can be generally predicted, to some level of accuracy, based on J-17 levels. It
may be that some additional source of water is driving, at least in part, flows from one or
more of the spring openings at San Marcos Springs, and it may also be that this source
extends beyond the boundaries of the San Antonio segment of the Edwards Aquifer. A
serious effort should be made to determine whether there is such an additional source of
water and, if so, to attempt to better predict San Marcos springflows based on both J-17
levels and the levels of water in the additional source.
In any case, it is also clear that current critical period withdrawal reduction measures are
grossly insufficient to prevent Comal Springs from ceasing to flow, or to prevent San
Marcos Springs from ceasing to flow or dropping to a trickle, during a repeat of the
drought or record. This gross deficiency should be corrected first, before considering
designation of any additional pools or other fine tuning. The drought of record has always
been the MINIMUM standard to apply to determine the adequacy of water planning in
Texas and other Western States, and it continues to be the minimum standard, especially
in light of recent global warming concerns.
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Guadalupe-Blanco River Authority
k(2) Position
Submitted by: Todd Votteler, Ph.D., Guadalupe-Blanco River Authority
Date: June 9, 2008
Supporting references/documentation:
1. Brandt, Thomas, Refugia, presentation to Edwards Aquifer Recovery
Implementation Program Science Subcommittee, Texas River Systems Institute,
May 19, 2008.
2. U.S. Fish and Wildlife Service, San Marcos/Comal Recovery Team, San Marcos
and Comal Springs and Associated Aquatic Ecosystems (Revised) Recovery Plan.
121. Austin, Texas: U.S. Fish and Wildlife Service, 1996.
3. Shockey, Charles R. Notice of Filing of Springflow Determinations Regarding
'Take' of Endangered and Threatened Species, in Sierra Club et al. v. Babbitt et
al. Washington, D.C.: U.S. Department of Justice 1993; and Shockey, Charles R.
Notice of Filing of Springflow Determinations Regarding Survival and Recovery
and Critical Habitat of Endangered and Threatened Species, in Sierra Club et al.
v. Babbitt et al. Washington, D.C.: U.S. Department of Justice, 1993.
Position:
The implication of this charge is that a zero natural springflow system could be
considered. Given that natural springflows ARE the natural habitat of the species at and
downstream of the springs, zero natural springflows would preclude recovery, so it is not
clear how such a concept could be included in a recovery implementation plan. Zero
natural springflows for any period of time unquestionably would “appreciably reduce the
likelihood of the survival and recovery of the species in the wild,” which of course is
prohibited by the Endangered Species Act. See, e.g., Section 10(a)(2)(B)(iv) of the Act;
USFWS publication entitled “Endangered Species Recovery Program” (April, 2008); etc.
If this issue is being raised in an effort to promote some form of springflow
augmentation, then the response is simple: keeping species alive by artificial flows is not
“recovery of the species in the wild” – at best, such an artificial system would be nothing
more than an outdoor aquarium, subject to all the known and unknown risks of upsets,
malfunctions and unintended consequences as any other aquarium. In addition, if the
Aquifer is allowed to be drawn down to and below the point where natural springflows
cease, there is the potential for contamination of the fresh water in the Aquifer because of
intrusion of adjacent bad-quality water, and the discharge of contaminated water through
the spring openings after the Aquifer rises again, thereby threatening the continued
existence of species that live underground in the Aquifer as well as any residual
populations of other species that might have somehow survived the zero natural
springflow event. Failure to maintain minimum natural, high-quality springflows also
would impact downstream river environmental flows, bay and estuary inflows, and
downstream water rights, with direct adverse effects and indirect effects such as shifting
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the burden to downstream parties to maintain adequate amounts and quality of flows or to
suffer environmental and economic consequences.
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Guadalupe-Blanco River Authority
k(3) Position
Submitted by: Todd Votteler, Ph.D., Guadalupe-Blanco River Authority
Date: June 9, 2008
Top Three Supporting References/Documentation:
1. Milly, Betancourt, Hirsch, et al., “Stationarity Is Dead: Whither Water
management?” Science, 319(2008): 573-574.
Position:
Trigger levels for the San Antonio pool, as well as for the Uvalde pool, definitely should
be changed based on springflows from both Comal Springs and San Marcos Springs. As
noted in position statement k(1), current critical period withdrawal reduction measures
are grossly insufficient to prevent Comal Springs from ceasing to flow, or to prevent San
Marcos Springs from ceasing to flow or dropping to a trickle, during a repeat of the
drought of record. This gross deficiency must be corrected. The drought of record has
always been the MINIMUM standard to apply to determine the adequacy of water
planning in Texas and other Western States, and it continues to be the minimum standard,
especially in light of recent global warming concerns.
The only alterations that should be considered at this time are substantially higher trigger
levels, and substantially greater decreases in aquifer pumping across the Edwards Aquifer
region at every trigger level, in the absence of alternative water supplies to the nearly sole
reliance on the Edwards Aquifer by Uvalde, Medina and Bexar Counties.
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Kirk Patterson
k(1) Position
Submitted by: Kirk Patterson
Date: May 9, 2008
Supporting references/documentation:
1. MODFLOW model prepared by USGS for the EAA;
2. MODFLOW model prepared by USGS using “diffuse” high transmissivity areas
3. Kreitler’s studies for the EAA, including the recent “Cibolo Transfer” study
Position:
Using the MODFLOW model, modeling needs to be done to show what geographic area
(represented by cells in the MODFLOW model) would send a significant portion, such as
over 70%, of the water saved by “not pumping” under critical period reduction rules to
San Marcos Springs (instead of to aquifer storage or other springs). This geographic area
could be the proposed “San Marcos pool” area in which special critical period reduction
rules apply. Since this modeling has not yet been done, it is recommended that this
modeling be done before the option of “designating a separate San Marcos pool” in k(1)
is evaluated.
Another essential piece of information needed is to identify, map and quantify the present
pumping permits, as well as the historic actual pumping, from the Edwards Aquifer in
Hays and Comal County. Once this permit and pumping information is supplied, then the
effect of creating special “critical period reduction rules” in a proposed “San Marcos pool
area” on the springflows at San Marcos Springs can be evaluated. Since this information
has not yet been provided, it is recommended that such information be provided by the
EAA and other agencies.
Since the existing critical period rules found in S.B. 3 for the Edwards Aquifer provides a
“baseline” for comparison, it is also recommended that a “baseline” run be prepared on
the MODFLOW model to show what the effect of the present statutory critical period
rules are on flows at San Marcos Springs during critical period times. Then, the
springflows resulting from the “baseline” run based on existing critical period rules could
be compared to the springflows resulting from various scenarios of critical period rules
that might be proposed that would include a new “San Marcos Pool” with its own critical
period pumping reduction rules.
Locating a possible new “index well” to measure the San Marcos pool needs to be done.
The historic correlation between well levels in some proposed monitoring wells and the
critical period flows at San Marcos Springs needs to be described. We also need to
understand the issues presented when “spring flow” as presently measured at the gauging
stations below San Marcos Springs are used as a “trigger” for critical period reductions.
If this information will not or cannot be developed by December 31, 2008, then some
suggestion about how such information might be developed might be provided by the
Science Committee, along with other recommendations as to what other items of
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information the Science Committee believes that policy makers might need to know
before a separate San Marcos Pool is designated.
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Kirk Patterson
k(2) Position
Submitted by: Kirk Patterson
Date: May 9, 2008
Supporting references/documentation:
1. Springflow Augmentation of Comal Springs and San Marcos Springs, Texas:
Phase I – Feasibility Study. Technical Report CRWR 247, Center for Research in
Water Sources, College of Engineering, the University of Texas at Austin
2. Evaluation of Augmentation Methodologies in Support of In-Situ Refugia at
Comal and San Marcos Springs, Texas. June 2004 – done for EAA by LBGGuyton Associates in association with BIO-WEST, Inc., Espey Consultants and
URS Corp.
3. Trans-Texas Water Program,West Central Study Area, Phase II, Summary Report
of Water Supply Alternatives. (Including Option L-21). March 1998.
Position:
Part 2.2.1 of the charge provided by the Steering Committee calls for the Science
Committee to provide a preliminary evaluation of “alternatives” provided by RIP
members. Part 2.3 of the charge directs the Science Committee to “Identify existing
studies regarding the ability of each alternative other than maintaining minimum
springflows to protect federally threatened or endangered spedies. Identify additional
studies or data needed to fully evaluate each of these alternatives, including an estimate
of the time and cost to conduct such studies, and any different alternatives that might be
explored in the future.” With these charges in mind, the existing studies listed above with
their multiple suggested “alternatives” are identified for your evaluation, and the
following “additional studies and data and different alternatives that might be explored in
the future,” are proposed:
(1) Refugia at existing fish hatcheries, zoos and aquariums dedicated to maintaining
the endangered species covered by the MOA, as well as improving the refugia
that exist and creating new locations for refugia in the future.
(2) In-situ refugia as proposed by LBG-Guyton Associates/BIO-WEST and other
refugia as proposed by Daene C. McKinney and John M. Sharp, Jr. in Technical
Report CRWR 247, and other refugia created by bringing in Edwards waters and
possible other waters to the spring/downstream locations from distant sources in
the Edwards Aquifer and nearby surface water sources; and
(3) Recharge, both locally and regionally, that could provide water to San Marcos
Springs and Comal Springs in time of severe drought and water supply, such as is
being studied under the Scope of Work for Recharge & Recirculation Analyses
for the EAA; and
(4) Springflow Augmentation and the multiple Recharge options identified in TransTexas Water Program, which can be analyzed both separately and in
combinations.
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If this information will not or cannot be developed by December 31, 2008, then some
suggestion about how such information might be developed might be provided by the
Science Committee, including an estimate of the time and cost to conduct such studies
and any different alternatives that might be explored in the future.
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Kirk Patterson
k(3) Position
Submitted by: Kirk Patterson
Date: May 9, 2008
Supporting references/documentation:
1. MODFLOW model prepared by USGS for the EAA;
2. MODFLOW model prepared by USGS using “diffuse” high transmissivity areas
3. Kreitler’s studies for the EAA, including the recent “Cibolo Transfer” study
Position:
Since the existing critical period rules found in S.B. 3 for the Edwards Aquifer provides a
“baseline” for comparison, it is also recommended that a “baseline” run be prepared on
the MODFLOW model to show what the effect of the present statutory critical period
rules are on flows at San Marcos Springs during critical period times. Then, the
springflows resulting from the “baseline” run based on existing critical period rules could
be compared to the springflows resulting from various scenarios of critical period rules
that might be proposed that would include a modified “San Marcos Trigger” for the San
Antonio Pool.
Information needed to inform the decisions called for under k(3) include determining the
effect on the springs of designating a separate San Marcos Pool with its own critical
period rules while adjusting the triggers based on San Marcos Springs flow for the
remaining San Antonio Pool. By describing the effect of a separate San Marcos Pool on
critical period flows at San Marcos and Comal Springs, both with and without changes in
the “triggers” in the San Antonio Pool critical period rules, the effect of designating a
separate San Marcos Pool, along with proposed adjustments in the critical period
“triggers” in the remaining San Antonio Pool could be understood by policy makers.
As “adjustments in the “trigger levels” based on San Marcos Springs flow for the San
Antonio pool are proposed, we need to understand what changes in “trigger levels” for
the San Antonio Pool based on San Marcos Springs flow would do to critical time flows
at both San Marcos Springs and Comal Springs.
Since the problem occurred in critical period stages I and II – a problem created by rising
J-17 levels while San Marcos Springs flow was decreasing - analyzing adjustments to
critical period stages I and II separately and apart from analyzing adjustments in critical
period stages III and IV needs to be done. Remember that if the remaining San Antonio
Pool is taken off the San Marcos Trigger for stages I and II, the Comal Springs and J-17
triggers will remain in effect.
If this information will not or cannot be developed by December 31, 2008, then some
suggestion about how such information might be developed might be provided by the
Science Committee, along with other recommendations as to what other items of
information the Science Committee believes that policy makers might need to know
before a separate San Marcos Pool is designated or adjustments are made in the triggers
based on San Marcos Springs flow for the San Antonio Pool.
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San Antonio River Authority
k(1) Position
Submitted by: Steve Raabe, San Antonio River Authority (SARA)
Date: June 9, 2008

k(1) of the option of designating a separate San Marcos pool, of how such a
designation would affect existing pools, and the need for an additional well to
measure the San Marcos pool if designates
Supporting references/documentation:
1. Johnson, Steven B. & Geary M. Schindel. 2008. Evaluation of the Option to
Designate a Separate San Marcos Pool for Critical Period Management. Edwards
Aquifer Authority. Report No. 08-01
2. Ockerman, Darwin J., 2007. Simulation of Streamflow and Estimation of
Groundwater Recharge in the Upper Cibolo Creek Watershed, South-Central
Texas, 1992-2004. United States Geological Survey. Scientific Investigations
Report 2007-5202
3. Otero, Cassi, L. 2007. Geologic, Hydrologic, Geochemical Identification for Flow
Paths in the Edwards Aquifer, Northeastern Bexar and Southern Comal Counties,
Texas. United States Geological Survey. Scientific Investigations Report 20075285
Position:
An investigation by the USGS (Ockerman 2007) utilizing data from 1992 - 2004
indicates that 56% of the flow in the Upper Cibolo Creek is lost to groundwater recharge.
The average groundwater recharge for the watershed was estimated to be 79,800 af/yr.
77% of the recharge occurred in the Trinity aquifer outcrop, 13% in the transition area
and 6.4% in the Edwards outcrop.
An examination of flow paths by the USGS (Otero 2007) states that an increase in
discharge at Hueco Springs in 2005 had no corresponding increase at Comal Springs,
indicating that the pulse of water causing the increased discharge at Hueco Springs either
was not sourced in the Central Comal Flow Path or did not reach Comal Springs. Otero
also surmises that the lack of linear correlation between Hueco Springs and other
Edwards aquifer sites could be the influence of inflow by the Trinity aquifer. Otero also
indicates that during periods of low discharge, Hueco Springs might receive a larger
contribution from the Trinity aquifer than periods of high discharge. An undetermined
amount of water from the North Comal Flow Path might flow into the confined sections
of the Central Comal Flow Path across Hueco Springs fault in areas where the fault does
not completely offset the Edwards aquifer. The water remaining north of the Hueco
Springs fault flows towards San Marcos Springs. Water that is not discharged at either
Hueco or Comal Springs continues north-eastward toward the San Marcos Springs (Otero
2007).
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The EAA (Johnson and Schindel 2008) investigated the hydrogeology and
hydrodynamics of water discharging from San Marcos Springs to collect data that might
provide justification for the development of distinct aquifer management rules and
justification for the creation of a separate San Marcos pool. EAA findings indicate that
most of the water discharging at Comal Springs originates from the Artesian fault block.
During high water levels the Artesian fault block recharges the Comal fault block which
provides water to both Comal and San Marcos Springs. When flows from Comal Springs
are less than 100 cfs, a significant volume of water bypasses Comal Springs to discharge
at San Marcos Springs. The findings also indicate that during low-flow conditions at San
Marcos Springs, more than 90% of the water comes from the western (Trinity) portion of
the aquifer. During normal and high flow conditions, water flows through the Artesian
then Comal fault blocks, bypasses Comal Springs and discharges at San Marcos Springs.
At higher discharge rates, supporting recharge occurs along Cibolo Creek, the Guadalupe
River, Dry Comal Creek, Sink Creek and other streams. Because most of the flow at San
Marcos Springs is derived from the western portion of the aquifer, during low-flow
conditions, there is little technical justification at this time to create a separate San
Marcos “Pool”.
Based on the connection between water that recharges the Trinity Aquifer along the
Upper Cibolo Creek, the Comal Flow Paths that move water in a northeasterly direction
past the Hueco Springs and towards San Marcos Springs, SARA concludes that the San
Marcos Springs is integrally connected to a complex dual aquifer system. Depending on
the flow rate it seems that the San Marcos Springs are supported by both the Trinity and
Edwards aquifers and is not a single aquifer system. The Edwards Aquifer Authority has
recently initiated a second study to collect important information about whether or not the
San Marcos Springs are supported by a separate underground reservoir. Until the second
EAA study is complete and a separate pool is supported by additional technical
information, SARA does not support the designation of a separate “San Marcos” Pool.
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San Antonio River Authority
k(2) Position
Submitted by: Steve Raabe, San Antonio River Authority (SARA)
Date: June 9, 2008

k(2) of the necessity to maintain minimum spring flows, including a specific review
of the necessity to maintain a flow to protect the federally threatened and
endangered species
Supporting references/documentation:
1. LBG-Guyton and Associates. 2004. Evaluation of Augmentation Methodologies
in Support of In-situ Refugia at Comal and San Marcos Springs. Prepared for the
Edwards Aquifer Authority.
2. U.S. Fish and Wildlife Service. 1996. San Marcos and Comal Springs and
Associated Aquatic Ecosystems (Revised) Recovery Plan. United States Fish and
Wildlife Service, Austin, Texas.
3. U.S. Fish and Wildlife Service. 1984. San Marcos River Recovery Plan. U.S. Fish
and Wildlife Service, Albuquerque, New Mexico.
k(2) Position:
Securing the survival and recovery of the endangered species supported by the Comal
and San Marcos Springs can only be achieved through the protection of their natural
ecosystem with assured minimum spring flows. The ecosystems and sensitive biota are
endangered by a number of threats to the required supply of thermally constant, clear,
clean spring water. Threats include over drafting of groundwater from the Edwards
aquifer, habitat modifications, and anthropogenic actions around the springs, rivers and
watersheds. Additionally exotic and invasive species combined with habitat
modifications may have synergistic effects that may extirpate endangered species. Some
endangered species may be down listed to threatened when it is assured that spring flows
with in natural cycles of variation can be assured. Off site Refugia can only provide
limited short term protection for only 1 or 2 growing seasons. Even if an endangered
species is able to survive in refugia, the natural habitat may have been reduced to the
point that it will not be able to support all the life stages of the re-introduced endangered
species. The cost of augmentation methodologies (LBG-Guyton 2004) to support in-situ
refugia is excessive and is rising with inflation. Augmentation strategies do not seem to
be able to increase the likelihood of endangered species survival into the future. It is
unlikely that aquifer water users and rate payers will be willing to fund augmentation
strategies.
Recovery goals (USFW 1996) to secure the survival of the endangered species in their
native ecosystems; developing ecosystem approaches to address local, site specific and
broad regional issues; and to conserve the integrity and function of the aquifer and spring
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fed ecosystems, can realistically only be achieved by the maintenance of minimum spring
flows.
SARA is supportive of the necessity to maintain minimum spring flows without
jeopardizing human health and safety, and recommends a specific review of the
necessity, and resulting impacts, of maintaining a flow to protect the federally threatened
and endangered species.
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San Antonio River Authority
k(3) Position
Submitted by: Steve Raabe, San Antonio River Authority (SARA)
Date: June 9, 2008

k(3) as to whether adjustments in the trigger levels for the San Marcos Springs flow
for the San Antonio Pool should be made
Supporting references/documentation:
1. Johnson, Steven B. & Geary M. Schindel. 2008. Evaluation of the Option to
Designate a Separate San Marcos Pool for Critical Period Management. Edwards
Aquifer Authority. Report No. 08-01
2. Otero, Cassi, L. 2007. Geologic, Hydrologic, Geochemical Identification for Flow
Paths in the Edwards Aquifer, Northeastern Bexar and Southern Comal Counties,
Texas. United States Geological Survey. Scientific Investigations Report 20075285
3. Edwards Aquifer Authority. 2004. Draft Edwards Aquifer Habitat Conservation
Plan and Draft Environmental Impact Statement. Edwards Aquifer Authority, San
Antonio, Texas.
k(3) Position:
In 2006 the discharge at San Marcos Springs declined to less than 100 cfs, which required
users of the Edwards Aquifer, in Medina, Bexar, Comal, Hays, Atascosa, Guadalupe, and
Caldwell counties to reduce water use pursuant to Edwards Aquifer Authority rules.
Although water levels at the Bexar County Index Well (J-17) and the discharge at Comal
Springs in Comal County also declined in 2006, San Marcos Springs was more severely
impacted by the dry conditions. When rainfall returned to normal or above normal
conditions in early 2007, Comal Springs discharge increased, but San Marcos Springs
remained below average and did not recover to average conditions until later in 2007
(Johnson and Schindel 2008).
Based on their findings, Johnson and Schindel recommend that:
“Hays and Comal Counties should continue to be included within the San Antonio Pool
for critical period management. Critical Period rules for the San Antonio Pool should
continue to be based on water levels in the Bexar County Index Well and flows at Comal
and San Marcos Springs”.
The 2006 implementation of a trigger level associated with San Marcos Spring flow
successfully assisted with management of Edwards aquifer withdrawals and water uses.
Even though the San Marcos Springs recovery did not correlate with the Bexar County
Index Well and responded to rainfall slower than Comal Springs, the San Marcos Springs
“trigger” provided a buffer in the water management strategies implemented at the time.
The Edwards Aquifer Authority has recently initiated a second study to collect important
information about whether or not the San Marcos Springs are supported by a separate
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underground reservoir. Until the second EAA study is complete and a separate pool is
supported by technical information, SARA does not support adjusting current
management strategies.
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San Antonio Water System
k(1) Position
Submitted by: Calvin Finch, San Antonio Water System
Date: June 9, 2008
Supporting references/documentation:
1. LBG-Guyton Associates, 2004, Evaluation of Augmentation Methodologies in
Support of In-situ Refugia at Comal and San Marcos Springs, Texas: Report
prepared for the Edwards Aquifer Authority.
2. Edwards Aquifer Authority, 2008, Evaluation of the Option to Designate a
Separate San Marcos Pool for Critical period Management.
3. LBG-Guyton Associates, 1994, Edwards Aquifer Ground-Water Divides
Assessment, San Antonio Region, TX. Report Prepared for Edwards Underground
Water District, EUWD Report 95-01.
Position:
The scientific reports which have considered this issue clearly indicate that the San
Marcos Pool (or some sort of separate local management designation) should be
considered a separate system for Edwards Aquifer management purposes. The LBGGuyton Report (2004) and the data in the EAA report (2008) provide evidence that there
is poor correlation and limited hydrogeologic connectivity between the San Antonio pool
and San Marcos Springs. The aforementioned reports also document a poor correlation
between Comal Springs and San Marcos Springs. According to both reports, most
significant sources of San Marcos springflows in normal or high flow conditions are from
the Hueco Springs fault block, the unconfined Edwards block in the San Marcos area.
This shows that the most profound affects on springflows at the San Marcos Springs are
due to increased localized pumping and water usage in the springs area and are
unaffected by pumping from the San Antonio pool. As recently shown in dry conditions
in 2006, the San Marcos Springs continued to trigger Stage 1 reductions under EAA’s
critical period management scheme, when both the Comal Springs and J-17 indicators
showed that the Aquifer had rebounded to normal levels due to increased rainfall. The
rapid population growth in the I-35 corridor in Hays County has resulted in greater water
usage in the area. Previous reports (LBG-Guyton Report of 1994) of water level data
prior to this growth have also indicated a seasonal cone of depression in the Edwards
Aquifer north of San Marcos each summer. This cone of depression may capture more
groundwater that would otherwise have been destined for San Marcos springflow.
This body of evidence could be the basis for a separate pool (or local management area)
for portions of Comal County north and east of Comal Springs, the City of San Marcos,
and the remainder of Hays County north to the groundwater divide near Onion Creek.
The existing documentation of the importance of local sources of San Marcos springflow
above the range of 60cfs reinforces the necessity of local management strategies and
regulations that realize the truly limited effects of regional pumping curtailments in terms
of positive effects on San Marcos springflow.
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The EAA report (2008) states that a Hays County index well should be established in the
Comal Springs fault block near the City of San Marcos. A second Hays County index
well should also be established in the Hueco Springs fault block near the San Marcos
Springs area. These would gather data concerning flow contribution from the confined
and unconfined Edwards in the San Marcos area which would be critical to monitoring
springflow and triggering local management responses before management measures are
initiated for the entire San Antonio Pool.
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San Antonio Water System
k(2) Position
Submitted by: Calvin Finch, San Antonio Water System
Date: June 9, 2008
Supporting references/documentation:
1. BIO-WEST, 2007, Variable Flow Study: Seven Years of Monitoring and Applied
Research. Report prepared for the Edwards Aquifer Authority.
2. LBG-Guyton Associates, 2004, Evaluation of Augmentation Methodologies in
Support of In-situ Refugia at Comal and San Marcos Springs, Texas: Report
prepared for the Edwards Aquifer Authority.
3. Horizon Environmental Services, Inc., for Crowell & Moring, LLP, 2004, An
Analysis of the Take and Jeopardy Flows for the Fountain Darter Including
Potential Flows required by the Endangered Invertebrates of Comal Springs.
Position:
As reports have shown, there is a paucity of data on the springflow needs of the Edwards
Aquifer species. It is our position that continuous minimum springflows are not essential
to the survival of the species, as the species have survived periods of extreme drought,
and current aquifer management strategies have ensured more than adequate springflow
for the species based on what have been recognized as extremely conservative “take” and
“jeopardy” numbers for the Edwards Aquifer species. A science-based review of the data
on springflow will likely result in a determination of no minimum springflow
requirements for the species.
Work by BIO-WEST (2007) also demonstrates that the more frequent flood flow events
have shown to be as detrimental, or more so, as low spring flows to the aquatic
ecosystem. Development of management strategies should be considered to address
response to flood events as well as low flows. Additionally, other factors affecting
survival and health of the threatened and endangered species and their habitat, including
recreational damage and non-native species, also must be evaluated. In addition to these
threats, any need there may be to find alternative habitat for some species during periods
of extremely low flow or cessation of flow, should consider the requirement for sound
management of a captive refugia population. The implementation of such measures will
benefit the species and lessen the perception that permitted Edwards Aquifer groundwater
withdrawals and springflow are the only factors to consider when evaluating effects on
the species.
Since aquifer management and regulation has hinged on water levels in specific Index
wells and springflow, it is vital to accurately measure these “triggers” if they are going to
continue to be used. Springflow is not currently well-measured, yet the water uses of the
Edwards Aquifer region depend on the development of accurate springflow measurement
methodologies.
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The San Antonio Water System believes that the statutory task of the Science
Subcommittee to determine the necessity to maintain minimum springflows cannot be
pursued in a vacuum. The task includes a scientific responsibility to understand the
implications of the “necessity,” if any, of a minimum springflow requirement in the
context of a program document to be used in issuance of an incidental take permit, while
considering, among other things, maximizing the beneficial use of water available for
withdrawal from the aquifer to meet the human needs of between one and two million
people for whom the Edwards Aquifer will always be the cornerstone source of water.
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San Antonio Water System
k(3) Position
Submitted by: Calvin Finch, San Antonio Water System
Date: June 9, 2008
Supporting references/documentation:
1. LBG-Guyton Associates, 2004, Evaluation of Augmentation Methodologies in
Support of In-situ Refugia at Comal and San Marcos Springs, Texas: Report
prepared for the Edwards Aquifer Authority.
2. Edwards Aquifer Authority, 2008, Evaluation of the Option to Designate a
Separate San Marcos Pool for Critical period Management.
3. USGS Scientific Investigations Report 2007- 5285, by Cassi L. Otero, in
cooperation with the San Antonio Water System.
Position:
The current trigger levels for San Marcos Springs require adjustment to ensure that those
trigger levels accurately reflect the nonexistent or limited correlation with the San
Antonio Pool. Currently, these trigger levels would require reduction in withdrawals from
the San Antonio pool even when average levels at Comal Springs and J-17 Index Well
would not require such a reduction. Therefore, in addition to adjustments to the current
Critical Period Withdrawal Reduction Stages for the San Antonio Pool outlined in Senate
Bill 3, it is recommended that water management strategies for the I-35 corridor north of
New Braunfels should also be considered to address the separate and direct impact that
activities in those areas have on the San Marcos Springs.
As indicated in the EAA report (2008), Hays and Comal counties should continue to be
included within the San Antonio Pool for critical period management. The critical period
rules for the San Antonio Pool should be based on water levels in the Bexar County Index
Well and flows at Comal and San Marcos springs. However, the San Marcos Springs
triggers for Stage 1 and Stage 2 should accurately reflect the limited correlation, if any, to
Comal Springs and the J-17 Index Well. Data needs to be evaluated in higher flow
regimes to adequately determine what the contribution is from the local unconfined
portion of the aquifer during normal and low flow conditions. Local management plans
must be developed and implemented to address the effects of local pumping on declining
springflows in order to arrest the decline before that pumping has an unwarranted and
disconnected effect on the withdrawals of municipal, domestic, agricultural, livestock,
and industrial users of the Edwards Aquifer.
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San Marcos River Foundation
k(1), (2), (3) Positions
Submitted by: Dianne Wassenich, San Marcos River Foundation
Date: June 9, 2008
Supporting references/documentation:
1. USGS website: River Gauge for San Marcos River at University Drive, on May
20, 2008, as boards are inserted into the dam, and EAA aquifer level readings in
Ezell’s Cave, five to six hours later.
2. Additional readings on instruments that EAA is placing in Spring Lake, Ezell’s
Cave, and wells between the lake and the cave as the Spring Lake dam boards are
removed on Wednesday, June 11, 2008. Also again, the USGS website for the
river gauge at University Drive, on June 11, if dam board removal happens as
planned.
3. EAA dye tracing studies going on in May and June in wells and recharge features,
and perhaps some done previously, on the Blanco side of San Marcos Springs, as
well as the opposite side of the springs, toward San Antonio.
k(1) Position:
We believe that the San Marcos springs are fed by a “conduit” of aquifer water that
comes from the direction of San Antonio and New Braunfels, as the recent study by EAA
of well levels indicates (the study already presented to the Science Subcommittee). When
Spring Lake dam boards were built up on May 20, 2008, in order to dry an area near the
spillway for a construction project, the river flow was slowed, according to the USGS
river gauge online, even after the lake filled and the water started flowing from a second
spillway into the river channel. About 5 or 6 hours later, a small rise in aquifer levels was
noticed by EAA in Ezell’s Cave, on instruments in the cave in San Marcos. The cave is
located in the direction of San Antonio, from the Springs. We hope that the additional
information that will be gained by EAA’s additional instrumentation being placed in
wells, the cave, and the river during the removal of the boards from the dam on June 11,
2008, will be useful to this Science Committee in determining the connection between the
San Antonio pool and the San Marcos Springs. We also think that the dye tracing studies
going on by EAA staff this summer, and the past few months, should also be useful to the
Science Subcommittee in determining what direction water flows in the aquifer during
dry periods, like the current drought. If it rains this summer, it may also be useful to see if
the flow direction changes in the aquifer during wetter periods. But it is the direction
during dry periods that must be especially noted, since those are the conditions in which
water conservation rules are triggered. EAA, with all their dye tracing studies, should be
able to determine which wells should be monitored, if additional wells are needed to keep
watch on flow direction in the future.
k(2) Position:
The information that Jackie Poole and Tom Brandt presented to the Science Committee
regarding wild rice should be sufficient to conclude that springflows must be maintained,
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since healthy, genetically diverse, and reproducing wild rice needs its natural habitat of
the river to succeed in surviving and reproducing.
k(3) Position:
The San Marcos River Foundation has commented to EAA during rules changes that we
believe the trigger levels should include an "anticipation factor" based on the rate of
decrease of the J-17 well level. Without any "anticipation factor" there is little hope of
reducing pumping in time to affect spring flow, when well levels are plummeting over a
foot a day. It takes some time for the water from the San Antonio area to reach San
Marcos, underground in the aquifer’s faults and holey karst, and in our opinion, the
trigger levels for Stage 1 should start much earlier to make sure that springflows are
protected during droughts. It takes the public a while to get into the conservation mode,
and to get the word out to all those using wells or city or rural coop water from aquifer
wells. In fact, this winter, many months before the J-17 got near 660, the salinity levels
reached excessively high levels in San Antonio Bay, negatively affecting food and water
sources for the endangered whooping crane. (I don’t have data on this, but heard this
from Tom Stehn who does have such salinity data. He is the USFWS Whooping Crane
Coordinator at Aransas National Wildlife Refuge, and he could send or present salinity
data if the Science Committee wants to see it. I’d be glad to help provide that, and
compare it to spring flow levels for those dates as well.) There was not any effort in the
aquifer region to step up water conservation this past winter, while the springflow levels
steadily dropped. There should also be real-time gauges on wells, which can be accessed
electronically, to truly monitor pumping. With the current system to regulate aquifer
pumping, long periods pass before EAA is able to learn whether a pumper is violating
their permit. During critical periods, this would be unacceptable if the objective is to keep
the springs flowing.
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Texas Parks and Wildlife Department
k(2) Position
Submitted by: Chad Norris, Jackie Poole, Doyle Mosier, Gary Garrett, and Norman
Boyd; Texas Parks and Wildlife Department
Date: June 9, 2008
Supporting references/documentation:
1. Saunders, K.S., K.B. Mayes, T.A. Jurgensen, J.F. Trungale, L.J. Kleinsasser, K.
Aziz, J.R. Fields, and R.M. Moss. 2001. An evaluation of springs flows to support
the upper San Marcos River Spring Ecosystem, Hays County, Texas. River
Studies Report No. 16. Texas Parks and Wildlife Department, Austin.
2. Fries, J.N., J.R. Gibson, and T.L. Arsuffi. 2004. Edwards Aquifer spring
invertebrate survey and captive maintenance of two species - Final Report.
Prepared for U.S. Fish and Wildlife Service, Austin, TX.
3. Poole, J. and D.E. Bowles. 1999. Habitat characterization of Texas wild-rice
(Zizania texana), an endangered aquatic macrophyte from the San Marcos River,
Texas, USA. Aquatic Conservation: Marine and Freshwater Ecosystems 9:291302.
Position:
TPWD staff believes it is imperative to maintain at least minimum springflows during
periods of drought, and preferably a flow regime that mimics natural hydrologic
conditions at all times, in order to maintain the federally listed species in their native
habitat. It should go without saying that aquatic organisms need water. However, not all
aquatic organisms have the same needs in terms of the quantity, quality, duration, and
seasonality of flow. Discharge, or flow, has been termed the “master variable” in the
structure and function of aquatic ecosystems. Springs, in general, are recognized for their
consistency in terms of the quantity and quality of water they produce and many of the
organisms that inhabit springs are adapted to their relative stability.
While little is known about specific life history requirements for many of the listed
species, it is clear they are adapted to the thermal and hydrologic stability that
characterizes the major springs issuing from the Edwards Aquifer (e.g. Comal, San
Marcos, and Hueco springs). Their dependence on the characteristics of these springs is
reflected not only in their restricted distribution, but also by the close association many
species display with spring orifices (e.g. dryopid and riffle beetles, Peck’s Cave
amphipod, and epigean salamanders). The possible effects of not maintaining minimum
springflows are many, including changes in the quality of water in the Aquifer and at the
springs, a decrease in current velocity and corresponding reductions in habitat, increase in
siltation, proliferation of exotic species, and an increase in temperature and temperature
fluctuations in the aquatic habitat. All of these potential impacts would result in some
form of degradation to the aquatic habitat and could potentially “jeopardize” the
continued existence of these rare species with apparent narrow life history requirements.
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Although little is known about specific life history requirements for many of the listed
species, some information can be gleaned from reported observations, scientific research,
and the life history of similar, closely related species. For example, flowing water is
considered important to the respiration processes of riffle beetles and the Comal Springs
riffle beetle (larvae and adults) is known to aggregate around spring upwellings. This
information suggests the Comal Springs riffle beetle requires flowing water and has an
affinity for spring orifices likely related to life history. The fountain darter requires
undisturbed stream floor habitats, a mix of submerged vegetation, clear, clean water, a
food supply of living organisms, constant temperatures within normal gradients and
adequate spring flows. Texas wild-rice requires clear, thermally constant (72-75 degrees)
water and must be submerged in water at least 6 inches deep, although it prefers depths of
1-6 feet. It cannot survive in dry or moist soil; it must be submerged. These and other life
history requirements of the listed species are detailed in the Comal and San Marcos
Springs Recovery Plan.
It is also important to note that the same species may have different requirements during
different life stages (e.g. larvae vs. adult) and at different times of the year. Thus it is
important to consider the different requirements that must be met to successfully maintain
populations and recognize that these requirements do not have a single, minimum number
associated with them, but are instead time dependent (season, duration, etc.). Mimicking
the historical hydrology, in terms of the frequency and duration of flows, is perhaps the
only way to ensure these requirements are met without understanding the interrelated
intricacies of these parameters.
The observations and research of numerous individuals at Comal and San Marcos springs
were used to develop specific criteria in the Recovery Plan. This document should be
viewed as valuable information based on the experience of many scientists. Most
research done over the last decade has been in surface water habitats and has focused on
correlating occurrence to specific parameters, such as velocity, discharge, and substrate
type. While this data is useful, little to no information has been gathered at the
microhabitat level or in subterranean habitats which are likely critical for all of the listed
species, especially the macroinvertebrates. Without understanding what changes may
occur at the microhabitat level in relation to overall reduced springflows, it is difficult to
truly assess potential impacts on these listed species. Furthermore, so little is known
about the use of subterranean habitats by the listed species, especially the
macroinvertebrates and salamanders, that any attempt to define a “minimum” would be
purely conjecture.
The fountain darter was extirpated from Comal Springs when it ceased to flow during the
drought of the 1950’s. Despite the survival of the listed species through the 1950’s
drought and the successful reintroduction of the fountain darter that followed, other
factors might preclude a similar outcome if the springs should cease to flow again.
Foremost, groundwater pumping has increased since the 1950’s so the springs are more
likely have reduced flows or to be dry for a much longer period of time given the recent
response of the aquifer to much shorter droughts (e.g. summer 2000 and 2006). As such,
it is likely that a reoccurrence of the drought of record would have a more severe impact
on the Comal and San Marcos springs ecosystems and their resident biota.
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The argument that the rare species survived the drought of record and therefore must
have mechanisms by which to survive drought is not scientifically sound. The biological
community (especially the invertebrate community) was not thoroughly studied prior to
the drought of record, thus there are no available means to ascertain what impacts, if any,
the drought of record had on these species. It is also important to note that many of the
exotic species found in these systems, such as the giant rams-horn snail, suckermouth
catfish, and tilapia were not present during the drought of the 1950’s. The presence of
these species may have large and potentially cascading effects on the ecosystem as exotic
species often thrive in new environments where they are not subject to many of their
natural controls.
Attempting to maintain species in refugia is not a viable option for several reasons. First,
the ESA states that species will be conserved in their habitat, not apart from it. Second,
keeping any species in refugia for an extended period of time will result in genetic drift
and the potential loss of adaptations to the natural habitat. Third, so little is known about
the life history of many of the species (e.g. Peck’s Cave amphipod, Comal Springs
dryopid and riffle beetles), it is currently unclear if successful refugia can be established.
Given the importance of springflows in maintaining baseflows that sustain streams,
rivers, estuaries, and their resident biota during times of drought, TPWD staff believes it
is important to also consider the impacts that reduced springflows will have on instream
flows and freshwater inflows. The regional importance of Comal and San Marcos springs
in maintaining baseflows to their respective river systems and the greater Guadalupe
River Basin cannot be overstated as they collectively account for over 30% of the
baseflow to the lower Guadalupe River and 70% or more during periods of drought.
These flows not only sustain fish and wildlife resources along the river, but they provide
freshwater inflow to San Antonio Bay. The loss of freshwater inflows into these estuaries
represents a potential loss of biological resources in these systems in addition to
economic losses associated with recreation, and the commercial and sport fishing
industries.
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