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Executive Summary 
 

Spring Lake in central Texas is a unique ecosystem and serves as the headwaters of the Upper 
San Marcos River.  Artesian spring water from the Edwards Aquifer emerges into the lake from 
hundreds of spring openings, creating one of the most productive spring-fed systems in Texas.  
Spring Lake and the Upper San Marcos River are important resources in this portion of Texas in 
that they serve as major recreational sites, contain important cultural and archeological values, 
provide habitat for a number of threatened and endangered species, and are the basis for the 
drinking water supply for towns downstream.  Thus, protecting and preserving the water 
quality of Spring Lake and the Upper San Marcos River is critical.   
 
The Interstate Highway-35 (IH-35) corridor in central Texas is one of the fastest growing regions 
of the United States.  As such, this area is facing increasing pressure from anthropogenic 
development in the form of changes in Land Use and Land Cover (LULC) and the extraction of 
groundwater resources.  Recently, it has been qualitatively noted that the water quality in 
Spring Lake and the Upper San Marcos River have declined after storm flow events.  The 
purpose of the Spring Lake Watershed Characterization and Management Measures 
Recommendations Project is fivefold:   
 

(1) Characterize the Spring Lake/Sink Creek watershed in terms of hydrology, geology, and 
wildlife, evaluate spatial and temporal patterns in LULC characteristics of the Upper San 
Marcos River and Sink Creek watersheds, and gather existing data and present an initial 
watershed inventory for Spring Lake/Sink Creek. 
 

(2) Examine NPS of nutrients, suspended solids, and bacteria (i.e., Escherichia coli) to the 
Spring Lake and determine the relative importance of surface- and groundwater during 
typical hydrology and stormflow events.  This portion of the project will provide 
information on spatial and temporal variability in water quality in the Upper San Marcos 
River, and compare water quality to existing surface water quality standards. This 
comparison allows identification of times and locations at which water quality standards 
for particular parameters may or may not be exceeded, and provides guidance for 
future efforts to focus on mitigating any sources of NPS which may be contributing to 
water quality impairment. 

 
(3) Calculate/model the loading of various NPS constituents including nutrients, heavy 

metals, and E. coli to Spring Lake and the local groundwater pool from the Sink Creek 
watershed and determine the proportional loading of these NPS constituents from the 
various LULC types within the Sink Creek watershed.   

 
(4) Create a Public Participation Plan (PPP) for the project and work with stakeholders and 

partners to create a vision, goals, and action items that incorporate the environmental, 
economic, and social values of stakeholders and partners. The public participation 
portion of the project will also work with stakeholders and partners to reconcile 
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different values and viewpoints of the various participants in order to arrive at mutually 
acceptable management recommendations. 

 
(5) Provide information on specific management recommendations for the Spring Lake – 

Sink Creek watershed, and present this information to the Upper San Marcos River 
Coordinating Group (USMRCG; the stakeholders), thus providing the basis for the 
stakeholders to determine which management measures they view as a priority for the 
watershed and Spring Lake.  

 
Watershed Characterization 

Watersheds serve an important function as transporters, storage sites, and transformers of 
water and other materials to downstream points in the landscape.  Within watersheds, LULC 
patterns have the potential to affect a myriad of the physical, chemical, and biological 
processes. Understanding how LULC characteristics and changes affect these processes is 
critical for preservation of water quality. 

There are four major subcatchments within the Upper San Marcos River Watershed: Sink Creek, 
Purgatory Creek, Sessom Creek, and Willow Creek.  Sink Creek is the most upstream of these 
surface drainages and potentially plays an important role in determining nutrients and 
sediments loads to Spring Lake and the Upper River.  Thus, determining NPS inputs to Sink 
Creek from the watershed are critical the maintenance of water quality for the lake and upper 
river.  However, Spring Lake also receives substantial groundwater from both local- and 
regionally-derived sources within the Edwards Aquifer, with the magnitude of the different 
sources dependent upon regional hydrologic conditions.  Thus, the high degree of surface- and 
ground-water connectivity likely makes any NPS loading to groundwater within the Edwards 
Aquifer recharge zone relevant to NPS dynamics in Spring Lake.   
 
Currently, Spring Lake and the Upper San Marcos River meet water quality standards for most 
of the major water quality criteria; however the Draft 2010 Texas Integrated Report for Clean 
Water Act Sections 305(b) and 303(d) lists the upper San Marcos River Segment (Segment 1814) 
as Category 5, subcategory 5c for total dissolved solids (TDS).  Based upon data from this 2010 
assessment and designation, the upper San Marcos River does not meet water quality 
standards for TDS and additional data and information will be collected before a total maximum 
daily load (TMDL) will be scheduled.  In addition to the 303(d) listing for TDS in the 2010 Draft 
Report, there are noted increases in suspended solids and decreased water clarity associated 
with rainfall events in the watershed.  Biota in the lake and river has been actively monitored by 
multiple agencies and investigators due the relatively high number of endangered and 
threatened species in the area.  Currently, the aquatic invertebrate, fish and aquatic vegetation 
communities in the river appear to be diverse and composed of many endemic species.  
However, there are a number of exotic and potentially invasive species in the lake and river that 
are cause for concern.   
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The Upper San Marcos River and Sink Creek watersheds have undergone significant LULC 
changes from 1992 - 2006.  In particular, both of these watersheds have experienced declines in 
the percent cover of forest and agricultural area.  These declines were accompanied by 
increases in developed area and grass/shrub lands.  Conversion of forested and agricultural 
areas in the watersheds was most rapid during the 1992 – 2001 and this rate declined 
substantially during the 2001 – 2006 period.  Reduction in forest and agricultural land cover is 
likely due to changes in land use patterns associated with increasing human populations in the 
area and aggressive programs to remove Ashe Juniper (Juniperus ashei) from the landscape. 
 
Although developed land cover constitutes 11.5% and 5.0% of the land cover in the Upper San 
Marcos and Sink Creek watersheds, respectively, many previous studies have found that 
relatively small amounts developed land cover can lead to substantial impacts through 
increased pollutant loads and altered hydrological regimes.  Currently, water quality conditions 
in Spring Lake and the Upper San Marcos River are reliant upon on adequate flows from the 
headwater springs.  Decreases in aquifer levels, human development on or along aquifer 
recharge sites will likely lead to decreased water quality through an increased reliance on 
surface water inputs and NPS inputs associated with runoff from disturbed lands.  Preservation 
of water quality and quantity in Spring Lake and the Upper San Marcos River requires an 
integrated management plan that incorporates both surface- and groundwater, spans agency 
jurisdictions, allows for stakeholder involvement, and maintains the sometimes difficult balance 
between natural resource management and economic development.   
 
Water Quality Data Collection and Analysis  
 
The Data Collection and Analysis section of the project collected data to characterize spatial 
and temporal properties of water quality in the Spring Lake watershed. Several approaches 
were used to accomplish this, and can be separated into three types of data collection and 
monitoring efforts: 1) Continuous monitoring of basic field parameters from spring openings 
and other locations within Spring Lake; 2) Routine sampling for water quality in Spring Lake and 
the Upper San Marcos River; and 3) Targeted sampling of water quality in Sink Creek, Spring 
Lake, and the Upper San Marcos River during stormflow events.  
 
Continuous monitoring of field parameters indicates that all the monitored spring openings 
respond to local storms as well as regional-scale changes in aquifer level and spring discharge. 
This evidence suggests that the San Marcos Springs and the Edwards Aquifer are vulnerable to 
NPS and point source contamination from both local and distant (regional) sources. 
 
Routine sampling in the San Marcos River and at several discrete spring openings in Spring Lake 
show that water quality is generally very good under baseflow conditions, with low levels and 
variability in concentrations of NPS nutrients and contaminants, but that stormwaters derived 
from urban areas in San Marcos rapidly and negatively influence water quality at all sites. 
 
Compared to surface waters and the Slough Arm, waters from San Marcos Springs show 
relative temporal stability for all measured parameters. On an annual scale, the largest source 
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of variability, as well as the highest concentrations of measured NPS pollutants, is due to 
stormwater entering the Spring Lake system. Targeted sampling during storms indicate that 
local urban runoff, which contributes to high levels of TSS, nutrients, and other contaminants, 
affects the Slough Arm of Spring Lake for longer periods than in the Spring Arm because 
sediment and nutrient rich stormwaters tend to stagnate in the Slough Arm after storm events. 
 
Estimation of Loads from the Sink Creek Watershed 
 
Calculated/modeled estimates of hydrological inputs, and sediment, nutrient and bacteria 
loadings from the Sink Creek watershed to Spring Lake indicated that magnitude of the NPS 
loads from the Sink Creek watershed to Spring Lake and the local groundwater from the various 
LULC types were a function of the proportion of each LULC type within the watershed.  Thus, on 
a whole-watershed scale, low-impact LULC types had contributed the highest loads to Spring 
Lake and the groundwater pool because they composed >90% of the Sink Creek watershed 
area.  However, higher-intensity LULC types (e.g., Residential areas), though composing a 
relatively small portion of the watershed, had a greater than expected contribution to the loads 
of several NPS constituents.  In addition, the results from calculations of per acre yield from the 
different land use types indicate that conversion of the dominant land use types in the 
watershed (Undeveloped/Open and Rangeland) to more intense human impact land uses 
(Residential, Commercial, Cropland, and Industrial land uses) generally increase the nutrient, 
bacterial, and metal yields from the watershed.  These findings provide a foundation for 
designing and implementing LULC-specific management measures to preserve or improve the 
current water quality of Spring Lake and the Upper San Marcos River and to reduce NPS 
pollutant loads from future human activities in the watershed. 
 
Public Participation in Spring Lake NPS Planning 
 
The Upper San Marcos Coordination Group (USMRCG) was initiated by the River Systems 
Institute (RSI) at Texas State University – San Marcos in 2009 to assist community stakeholders, 
local organizations, and various agency partners who are working collectively to bridge diverse 
perspectives, interests, and resources to provide input into the development of a watershed 
characterization and the resulting recommendations for the management of nutrients and 
other identified nonpoint source pollutants in the watershed.  The group is comprised of 
members from the City of San Marcos, Hays County, the RSI, the San Marcos River Foundation, 
San Marcos River Rangers, San Marcos Greenbelt Alliance, Edwards Aquifer Research and Data 
Center, the Guadalupe Blanco River Authority, the United States Geologic Survey, and others.  
Overall, one of the main concerns of the group is to ensure that the long-term integrity and 
sustainability of the San Marcos watershed is preserved and that water quality standards are 
maintained for present and future generations. A core belief is that good water quality is 
essential to all, and that protection of water resources is an individual as well as governmental 
responsibility. 
 
As a part of the stakeholder group process, the stakeholders created the following Mission 
Statement and Goals: 
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The mission of the Upper San Marcos Coordinating Group is to restore and preserve the 
natural integrity of the Upper San Marcos Watershed through research, education and 
stewardship. 
 
Goals: 

 Develop, coordinate and implement watershed protection planning activities to 
ensure the river meets the state’s water quality standard but furthermore 
improve it beyond its status as of July, 2012.  

 Protect water quality and optimal spring flows for current and future 
generations 

 Safeguard healthy riparian and aquatic habitats 
 Broaden and enlighten civic engagement in watershed management activities 
 Increase awareness of the influence human activities have on the intricate web 

of biological relationships found within the watershed 
 
A PPP was created and approved by the stakeholders in the Sink Creek/Upper San Marcos 
River.  The group wanted to make information available for public on River Systems Institute 
website, create a brochure/flyer that condenses the major issues and findings from the Upper 
San Marcos Characterization report into a more manageable and easily understood format, 
conduct monthly Stakeholder Meetings, have several public meetings throughout the project, 
and maintain an open door policy in that anyone requesting information, meetings, and more 
can have an audience via email, phone or in person. 
 
Management Measures Recommendations 

Following presentation of the watershed characterization, the water quality data, and the 
loading estimates to the USMRCG, stakeholders were asked to identify and prioritize different 
management measures as priority for the Sink Creek - Spring Lake watershed.   In this portion of 
the Spring Lake Project, we present the specific management measures that may be used to 
preserve or improve the current water quality of Spring Lake and the USMR and to reduce NPS 
pollutant loads from future human activities in the watershed.  
 
The stakeholder group concluded that management measures associated with land 
conservation strategies, mitigation of the effects of urban/residential development, and 
watershed-level mitigation of the effects of sedimentation were the most important to 
maintain and improve in the watershed.  Due to the low level of human development in the 
Sink Creek – Spring Lake watershed and the high sensitivity of the lake and the upper river to 
changes in LULC patterns, the stakeholder group ranked land conservation measures as the 
most important and most urgent management strategies for the Spring Lake – Sink Creek 
watershed.  The specific management measures that may be used to preserve or improve the 
water quality of Spring Lake and the USMR depends upon future stakeholder involvement in 
the decision making-processes. 
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1.0 Spring Lake Watershed Characterization  
 

The San Marcos River is an ecologically unique spring-fed ecosystem located along the margin 
of the Edwards Plateau in central Texas.  Spring Lake, located in the City of San Marcos, is the 
headwaters of the San Marcos River where artesian spring water from the Edwards Aquifer 
emerges into the lake from approximately 200 openings.  Water from these springs support the 
overwhelming majority of the annual discharge of the upper San Marcos River, but the 
importance of the springs has become evident during recent droughts.  During portions of the 
1996 drought, San Marcos Springs and nearby Comal Springs combined accounted for 70% or 
more of flows in the Guadalupe River reaching Victoria and nearly 40% of flows that reached 
the San Antonio Bay. 
 
Spring Lake is a horseshoe-shaped water body with two main regions: the Spring Arm and the 
Slough Arm.  Most of the hydrological inputs to Spring Lake occur from spring openings in the 
Spring Arm.  Sink Creek, the lake’s only significant surface water tributary, discharges into the 
Slough Arm of the lake.  Due to the relatively large spring water influence, Spring Lake and the 
upper river reaches are characterized by clear water, abundant and productive macrophytes 
and a relatively large number of endemic and native species.  Spring Lake and the upper 
sections of the river exhibit nearly constant seasonal flows and water temperatures of ~22oC; 
this relative environmental constancy has led to a high number of endemic species in the 
headwaters. However, the potential sensitivity of the headwaters to environmental 
perturbation, and the limited geographic range of many of the spring-adapted organisms, have 
led to the designation of a large number of federally- and state-listed taxa in the headwaters of 
the San Marcos River.   
 
In addition to the high ecological value of the San Marcos River headwaters, the area also has 
substantial economic and cultural value for central Texas.  Spring Lake and the upper river lie 
within the Texas State University campus and serve as a focal point for the campus and the City 
of San Marcos.  Thousands of people visit the upper San Marcos every year for recreational 
activities such as swimming, tubing and kayaking, and glass bottom boat rides in the 
headwaters.  While the exact number of recreational users of the San Marcos River and its 
headwaters is unknown, approximately 125,000 people per year take part in the various 
programs at the Aquarena Center on Spring Lake, and the City of San Marcos also estimates 
that two city parks in the upper section of the river receive more than 600 recreational visitors 
per day on a typical summer day (e.g., not 4th of July weekend).  In addition, there have been 
major archeological finds of prehistoric human artifacts and animal remains in Spring Lake.  
Further downstream from Spring Lake, the San Marcos River supplies drinking water for a 
number of communities in the San Marcos – Guadalupe River drainage, including the cities of 
San Marcos (49,000 residents) and the City of Victoria (60,000 residents).  Water quality and 
quantity is of principle concern to communities below the San Marcos River – Guadalupe River 
confluence because they are highly dependent upon the San Marcos River contribution to river 
flows, especially during relatively dry periods.   
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Texas State University and the City of San Marcos have taken significant measures to protect 
the water quality of Spring Lake.  The University, a public institution currently owns the land the 
lake sits on and acts as a steward to protect the lake’s current state.  The city has put in place 
special ordinances to ban swimming and boating in the lake to protect the endangered species 
habitat in the lake. Additionally, the city partners with the university to monitor water quality in 
the lake (bacterial testing).  The City has acquired and will preserve 251 acres of land from a 
developer who had planned to build a conference facility immediately upstream of Spring Lake.  
The stormwater from this property flows directly into Spring Lake and Sink Creek just upstream 
of the lake.  The most current plans for local action include a Watershed Protection Plan that 
will begin in the next few years.  At this time, the City of San Marcos and Texas State University 
are funding a half-time watershed planner position.  
 
To date, there has been a limited attempt to obtain data on nutrient inputs to Spring Lake.  
Despite the system’s high ecological, economic and cultural value, Spring Lake and the upper 
San Marcos River have recently experienced increased turbidity and major algal blooms 
following substantial rainfall events and the associated increases in surface and subsurface 
flows.  While there is an obvious and sometimes persistent deterioration of water quality 
during and after periods of high surface and ground water inputs to the lake, the relative 
pollutant load contributions of these sources in the watershed is unknown.  Thus, 
determination of the relative nutrient and sediment inputs to the lake from the various 
hydrological sources is critical for the management and preservation of the lake.  In order to 
determine the influence of various sources of water on algae and turbidity in the lake, storm 
event-based data which are collected at a high-temporal resolution and are quality-assured are 
required.  In particular, determination of inputs of phosphorus (P) are of greatest concern 
because productivity of the lake is extremely phosphorus limited due to the low levels of 
immediately bioavailable phosphorus (<5 µg orthophosphate - P/L) relative to the high levels of 
bioavailable nitrogen (~1600 µg NO3

2- - N/L) (Groeger et al. 1997).         
 
Among the potential sources of nutrient perturbation to the lake, one of the most likely sources 
is Sink Creek.  Currently, portions of the Sink Creek watershed are experiencing rapid and major 
land use changes or have been proposed for future development.  Sink Creek was historically an 
ephemeral stream that drained ranching and agricultural areas.  However, rapid urban 
development along the IH-35 Austin-San Antonio corridor has led to a substantial increase in 
impervious cover and urban lands in the watershed.  Most of the land within the Sink Creek 
watershed is privately owned; however, the City of San Marcos recently purchased 
approximately 250 acres within the watershed as part of a “greenbelt” and the uppermost 
headwaters of Sink Creek are located on Freeman Ranch, a property owned by Texas State 
University.  Because Sink Creek discharges into the relatively shallow and productive Slough 
Arm of Spring Lake, incidents of high precipitation and high surface waters inflows may function 
as a major contributor to deterioration of lake water quality because of the land use changes 
within the Sink Creek watershed.    
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The relative contribution of nutrients from the spring openings during periods of high discharge 
also remains unclear.  During periods of low precipitation and surface flows (e.g., summer and 
early fall) groundwater dominates hydrological and nutrient inputs to the lake.  However, 
groundwater discharges to the lake also increase with precipitation, but the relative 
contribution of these groundwater flows to nutrient loading during high flow periods is 
unknown.  In addition, there are numerous spring openings in Spring Lake that vary in flow rate 
and groundwater sources.  Some openings discharge water from largely local sources, while 
other openings can discharge water from regional sources that are much older.     
 
Another potential nutrient source to Spring Lake and the upper San Marcos River is the Texas 
State University Golf Course.  The golf course lies immediately adjacent to the middle portion of 
the Slough Arm of Spring Lake, and maintenance practices from the course may lead to nutrient 
and sediment inputs to the lake.    
 
Given the recent substantial water quality issues and the ecological, economic and cultural 
value of the Spring Lake system, understanding the relative non-point source (NPS) 
contributions of nutrients and suspended materials to Spring Lake via groundwater, the Sink 
Creek watershed, and the Texas State Golf Course is critical to preserve the biota and water 
quality of the lake.     
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1.1  General Watershed Information 
 

Spring Lake is the headwaters of the San Marcos River where artesian spring water emerges 
into the lake from >200 spring openings; this spring system is the second most hydrologically 
productive in the state.  Water from these springs originates from the Edwards Aquifer.  The 
Edwards Aquifer is a large, complex limestone karst aquifer spanning a substantial portion of 
the central Texas region.  A more detailed discussion of the flow paths of Edwards Aquifer 
waters to Spring Lake are provided in Section 1.2.3 (Geology, Karst Features, and Groundwater 
Resources).     
 
Although Spring Lake receives much of its annual hydrological inputs from springs, Sink Creek 
discharges into the Slough Arm of the lake.  Flows from Sink Creek originate more than 15 
stream miles upstream to the northwest near the city of Wimberley.  Much of the time, Sink 
Creek is dry and experiences little to no flow.  However, during strong rain events or in 
relatively wet years (e.g., El Niño year type of precipitation), Sink Creek flows and discharges 
substantial loads of sediments and nutrients into Spring Lake and the upper river.  As the name 
implies, water in the creek also “sinks” and presumably provides some recharge to local 
groundwater sources (Johnson and Schindel 2008).  However, the extent of this groundwater 
recharge from the creek is not well known.  There are also several flood retention and 
groundwater recharge dams upstream from Spring Lake on Sink Creek, with the largest of these 
structures located on Freeman Ranch.   
 
Typically, the strong spring water influence on Spring Lake and the upper San Marcos, the 
upper river exhibits high water quality with low turbidity, low suspended sediment loads, and 
low phosphorus (P) concentrations.  Spring Lake and the upper San Marcos River have recently 
experienced increased turbidity and declines in water quality rainfall events, presumably from 
inputs by Sink Creek.  However, the relative pollutant load contributions of these ground- and 
surface water sources to Spring Lake and the upper San Marcos River currently remain 
unknown.   
 
The purpose of this report is to present information on the initial characterization of the Spring 
Lake watershed, especially the Sink Creek watershed.  Specifically, the goals of the report are 
associated with Objective 3, Tasks 3.1 – 3.5 of the Scope of Work (SOW) for a Nonpoint Source 
Protection Program CWA §319(h) grant project examining nutrient and sediment inputs to 
Spring Lake from the Sink Creek watershed.  The overall goal of this portion of the study is to 
gather existing data and create an initial watershed inventory for Spring Lake and generate 
information on the physical and natural features of the watershed, including the watershed 
boundaries, the surface- and the ground water sources, the hydrology, topography, and 
geology.  This report evaluates land use and landcover (LULC) characteristics of the Upper San 
Marcos River, and more specifically the Sink Creek watershed.  It also provides information on 
groundwater source regions and general flow paths to the springs within Spring Lake.   
 

 



20 

 

1.1.1  Watershed Definition 
 

A watershed is an area of land that contributes water, dissolved matter and particulate 
materials to a downstream receiving point such as an estuary or lake.  Although all watersheds 
serve as important transporters and transformers of water and materials to downstream 
points, there is a great deal of variability among watersheds in size and function.  Typically, 
hydrological inputs to watersheds are in the form of precipitation and these inputs move 
downhill across the landscape surface or through belowground pathways.  The Upper San 
Marcos River Watershed, defined as the area of the Spring Lake watershed to the confluence 
with the Blanco River, is located around the City of San Marcos in Hays County, central Texas.  
The entire Upper San Marcos River Watershed has a surface area of approximately 200 km2 and 
exists predominantly within Hays County.  The Upper San Marcos River Watershed is composed 
of several smaller sub-basins, including the Sink Creek, Purgatory Creek, Willow Creek, and 
Sessom Creek drainages (Figure 1.1).  The Sink Creek watershed, the focal sub-catchment in this 
report, is approximately 100 km2 in area and is the uppermost sub-catchment of the Upper San 
Marcos Watershed, extending north and west from Spring Lake (Figure 1.1).      
 
Watersheds are primarily defined by their landscape characteristics, but anthropogenic 
activities and naturally-occurring processes can influence hydrologic processes and matter 
transport.  Naturally occurring events such as flooding and drought can lead to alteration of 
stream geomorphology but anthropogenic activities can also have substantial effects on 
watershed processes and function.  The San Marcos River Watershed is facing rapid population 
growth and will likely face increased growth in the future.  The City of San Marcos (and Spring 
Lake) lies within the IH-35 corridor in Texas, one of the fastest growing areas in the nation.  If 
San Marcos and Hays County grow at predicted rates, the degree of anthropogenic demand for 
water and the stresses on the Spring Lake and Upper San Marcos River Watersheds and the 
adjacent aquifer recharge and contributing zones will continue to increase. 

1.1.2  Surface Water 
 

Precipitation that is deposited onto landscapes that exhibits overland or channelized flow that 
is temporarily stored in surface water bodies (lakes, reservoirs and rivers). These surface waters 
are subject to evaporative loss to the atmosphere or can subsequently infiltrate into 
unsaturated soils (i.e., the vadose zone).  Surface waters that percolate to saturated soils or 
rock strata become groundwater (Figure 1.2).  Surface water-groundwater interactions occur 
when there is exchange between surface water and groundwater, such as the spring water 
discharges into Spring Lake. For the Upper San Marcos River, understanding the role of surface 
water flows in nutrient and sediment loading from a surface water drainage (Sink Creek) to a 
typically spring water dominated water body (Spring Lake) is critical for the effective 
management and preservation of water quantity and quality. 
 



21 

 

 
 

 
Figure 1.1.  The Upper San Marcos River Watershed and its four main sub-basins - Sink Creek, 
Sessom Creek, Purgatory Creek, and Willow Creek.  The upper most contributing sub-basin (Sink 
Creek) enters the San Marcos River near the headwater artesian springs located in Spring Lake. 
The City of San Marcos is shown in the south eastern corner of the map. Note that these 
watershed boundaries are only for surface drainage, and that they do not define the much 
larger groundwatershed contributing flow to San Marcos Springs. 
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Figure 1.2.  Diagram of the interaction between surface water and groundwater along the 
Balcones Fault Zone in central Texas.  Figure courtesy of Topher Sipes. 

1.1.3  Groundwater 
 

Groundwater is water that moves through the subsurface geologic materials such as soil and/or 
rock strata.  An aquifer is a geologic unit which contains water that has infiltrated into and 
through the vadose zone and reached the saturated zone where pore spaces are water-filled.  
In an unconfined groundwater system, groundwater is controlled by gravity and flows to 
‘downhill’ positions through soil or rocks. However, confined aquifer systems, such as the 
Edwards Aquifer, are overlain by relatively impermeable strata that allow little vertical 
movement of the water. Movement of groundwater in a confined aquifer is controlled by 
differences in hydraulic head, which is a combination of water pressure and elevation. Water in 
a deep confined aquifer may flow under artesian pressure upward along more permeable 
flowpaths (such as faults and fractures) to reach discrete discharge points, such as springs.  
Much of the Edwards Aquifer groundwater is considered to be confined, leading to the 
discharge of water from several large artesian spring complexes in the landscape.  The spring 
openings in Spring Lake in San Marcos, and Comal Springs in New Braunfels are the largest such 
sites associated with the Edwards Aquifer. 
 
Within an aquifer the volume of groundwater that is stored, and its respective residence time 
within the aquifer, can vary considerably.  Some aquifers exhibit relatively rapid flows and have 
groundwater residence times of a few weeks.  In contrast, some aquifers have slow flows and 
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groundwater residence times are in the 100s of years.  The residence times and flow rates of 
aquifers are dependent upon a variety of factors including the rate of recharge from surface 
and up-gradient water sources, the characteristics of the discharge points from the aquifer, the 
geologic substrate type, substrate porosity, and the amount of conduit-facilitated transport 
within the aquifer.  Understanding how long water is stored in the Edwards Aquifer, and what 
flow paths it follows between recharge (sinkholes and sinking streams, for example) and 
discharge at the springs, is difficult to do because of the complexity of this deep aquifer system, 
yet it is very important for a variety of reasons. Indeed, in many groundwater-influenced 
watersheds, such as Spring Lake and the upper San Marcos River, understanding the hydrology, 
geology, and hydrological processes in the aquifer is critical for preservation of water quality 
and flow required for human and ecological needs. 

1.1.4  Point Source Pollution 
 

Point source pollution to a waterbody is defined as a single, identifiable pollution source such 
as the effluent from a concentrated animal feeding area or the discharge from a wastewater 
treatment plant.  Pollutant point sources are regulated under State of Texas law and the 
Federal Clean Water Act and are therefore subject to permit requirements.  Permitted point 
sources have specific effluent limits, monitoring requirements, and enforcement mechanisms.  
The most notable point source for the Upper San Marcos River is the City of San Marcos 
Wastewater Treatment Plant.  More specifically, there are no identified point sources in the 
Spring Lake (Sink Creek) watershed. 

1.1.5  Nonpoint Source Pollution 
 

Nonpoint source pollution to a waterbody is not associated with known individual sources.  
Rather, NPS pollution can be associated with diffuse inputs to a waterbody, such as 
atmospheric deposition. Pollutants associated with hydrologic inputs are the most common 
nonpoint sources; however, the pollutant loads to a waterbody from NPSs can exhibit 
substantial temporal and spatial variability.  As such, NPS loads to a waterbody can be a 
function of human activity and/or the naturally-occurring background pollution.  In the upper 
San Marcos River Watershed, NPS pollution creates concerns due to numerous anthropogenic 
activities in the watershed, including land use intensity and land use patterns, and alteration 
the hydrologic regime.  More specifically, in the Sink Creek watershed, NPS inputs from 
changing land use patterns (increase in urban land use and impervious surface) and alteration 
of the hydrologic regime (timing and magnitude of hydrologic inputs) are likely to play an 
important role in determining nutrient and sediment NPS loads to Spring Lake.   
 
Two landscape types that are frequently associated with NPS pollution are urban- and 
agriculture-dominated landscapes.  Urban NPS pollution is linked with surface runoff containing 
increased suspended and dissolved solids, nutrients, metals, bacteria, biological and chemical 
oxygen demand, petroleum-derived hydrocarbons, herbicides, and pesticides.  Nonpoint 
pollution sources in urban landscapes include vehicles, construction, fertilizer and pesticide 
application, erosion, animal wastes, and local atmospheric deposition.  Nonpoint source 
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pollutant loads from agricultural landscapes include suspended and dissolved solids, nutrients, 
herbicides, pesticides, and animal wastes.  All of these NPS constituents can be transported in 
solution, suspended in surface runoff, or adsorbed on soil particles.  In the Sink Creek 
watershed (and the Upper San Marcos River watershed), urban and agricultural NPS issues are 
likely to be the most relevant.  
 
In the Spring Lake watershed, the intimate connectivity between surface- and ground-water 
likely makes any NPS loading to waters within the recharge zone in the Edwards Aquifer 
relevant to the NPS dynamics in Spring Lake.  Urban and agricultural development, septic 
systems, irrigation systems, fertilizer, herbicide, and pesticide application, and leaking 
petroleum storage tanks within this larger defined area have potential to affect NPS loads to 
Spring Lake. Changes in the intensity and composition of LCLU practices in the larger recharge 
area will increase the potential for water quality impairment and may place further strain on 
groundwater inputs to the lake by the lowering of aquifer levels through groundwater 
extraction.  

1.2  Geographic Setting  
 

1.2.1  Description of Watersheds  

1.2.2  Climate, Temperature, and Rainfall 
 

The climate in the central Texas region can be categorized as semi-arid.  During the period of 
1946-2011, the mean annual total precipitation was 945 mm (37.2 inches) and the mean annual 
air temperature is 20.3oC (68.5 oF) at the City of San Marcos [National Oceanic and Atmospheric 
Administration (NOAA) Station ID TX417983].  The annual gross lake surface evaporation in this 
region is estimated to be between 1524-1651 mm (60-65 inches) (TWDB 2007).  Given this 
balance between precipitation and evaporation, this region would be considered to be prone to 
drought; however, this region is also known to experience a great deal of inter-annual and 
decadal variability in climatic conditions can affect the availability of water resources and 
subsequent ground water discharge from the Edwards Aquifer (Cox et al. 2009).   
   
Seasonal variation in the climate of this area follows a pattern in which the peak rainfall periods 
occur in the late spring and early summer (April – June) and a secondary peak occurring in the 
fall (September – November (Figure 1.3).  Approximately, 39% of annual precipitation falls 
during the April – June period and another 29% falls on the landscape during the September – 
November period.   
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Figure 1.3.  Mean monthly precipitation at the City of San Marcos (1946 – 2011). 
 
 
Monthly variation in temperature follows a pattern of hot summers, with the greatest monthly 
minimum and maximum air temperatures in San Marcos, Texas occurring in July and August 
(Figure 1.4).  In addition, the winter temperatures are relatively mild, with mean monthly 
minimum air temperatures never dropping below freezing and only reaching 3.7oC in January.  
Provided the higher air temperatures and lower precipitation amounts (and thus lower aquifer 
recharge rates), it is likely that spring flows in the Spring Lake and the upper San Marcos River 
are likely to be at a minimum in the mid-summer and early fall.  In addition, runoff from surface 
watersheds (which includes suspended materials and nutrients) are more likely to occur during 
the spring-early summer and fall periods.    
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Figure 1.4.  Mean monthly air temperatures at the City of San Marcos (1946 – 2011). 
 

1.2.3  Geology, Karst Features, and Groundwater Resources 
 

The Upper San Marcos River watershed is located upon and along the margin of the Edwards 
Plateau region of the Texas Hill Country.  As such, the topography is hilly with karstic terrain.  
These karst features serve as recharge areas for the Edwards, Edwards-Trinity, and Trinity 
Aquifers.  The Edwards Aquifer is composed of porous limestones 300-700 feet thick.  The 
Edwards Aquifer is composed of several zones, including the contributing, recharge, transition, 
and artesian zones (Figure 1.5).   
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Figure 1.5.  Geographic representation of the Edwards Aquifer in central Texas, showing the 
Contributing, Recharge, and Confined Zones.  Major fault blocks are represented as well as the 
interface between the freshwater and saline water interfaces on the east-southeastern side of 
the aquifer.   
 
 
The western portion of the aquifer (the San Antonio segment) forms an approximate 150 mile 
arc from Brackettville (Kinney County) to Kyle (Hays County).  North of the San Antonio segment 
is a groundwater divide that separates the San Antonio segment from other segments, such as 
the Barton Springs segment.  During drought periods or during low aquifer levels, some 
groundwater can be exchanged between segments (Hunt et al. 2006). 
 
Spring Lake and San Marcos Springs is located along the Transition/Artesian zone of the aquifer.  
The springs within the lake are artesian in nature and are a result of confined flow within the 
aquifer.  There are hundreds of spring “openings” in the lake, but the springs generally form 
“complexes” or groupings in different portions of the lake.  These include Weismuller Spring, 
Diversion Spring, Deep Hole, Catfish Hotel, Cabomba, Salt and Pepper, Hotel, and Cream of 
Wheat.  Due to the complex nature of the flows within the aquifer, the precise origin and age of 
waters emerging from the various springs is not well understood; however, there is information 
on the general flow paths of water emerging from the springs.   
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The recharge and transition zones lie on and follow the large Balcones Fault zone, which is a 
complex series of roughly parallel faults forming a zone between the deep artesian zone and 
the shallower recharge zone. Within the Balcones Fault Zone, and near San Marcos, are several 
major fault blocks which run in arcs that are parallel to the aquifer’s position in central Texas 
(Figure 1.6).  San Marcos Springs and the western side of Sink Creek sit at the upper end of the 
Hueco Springs Fault, Comal Springs Fault, and the Artesian Fault Blocks (Figure 1.7).  Water 
within the aquifer generally follows an east-northeast direction (Thompson and Hayes 1979), 
with much of the water emanating from San Marcos Springs coming from flows along the 
Hueco Springs and Comal Springs Fault Blocks (Johnson and Schindel 2008).  Water within the 
aquifer moves along these blocks toward Spring Lake and emerges at several other important 
spring systems along the way, including Comal Springs which has a much higher mean annual 
discharge than the San Marcos River (Comal Springs mean annual discharge = 302 cfs; USGS 
08169000).  However, the paths and magnitude of flows within the blocks are dependent upon 
the regional hydrologic conditions.  For example, during times of high water, the Comal Springs 
Fault Block discharges at Comal Springs and Spring Lake, but these flows can largely bypass 
Comal Springs and primarily discharge at Spring Lake when low water conditions exist (Johnson 
and Schindel 2008). 
 
The groundwater divide near the City of Kyle was once thought to impede water exchange 
between the northern and southern portions of the aquifer, but dye-trace studies have 
determined that the hydrologic conditions (drought versus wet years) greatly influence this 
exchange. During wet years, groundwater flow away from Onion Creek in both directions to 
emerge at Barton and San Marcos Springs. During drought years, this groundwater divide 
flattens out, moves closer to San Marcos Springs (Hunt et al. 2006), and may even disappear 
entirely during severe drought (HDR, 2010).  Thus, San Marcos Springs receives groundwater 
from both local- and regionally-derived sources within the aquifer, with the magnitude of the 
different sources depending upon the regional hydrologic conditions. 
 
Although water emerging from springs within Spring Lake comes from a general source, there 
appears to be some variation in water chemistry among some of the springs.  The springs 
located in the southern portion of the lake (including Deep Hole and Catfish Hotel) have 
different temperatures, dissolved oxygen concentrations, and hardness than springs at the 
northern end of the lake (including Diversion, Cabomba, and Hotel) (Quick and Ogden 1985).  
These differences in physiochemical parameters suggest that the southern springs derive their 
flows from deeper, older water within the aquifer.  A significant portion of this project 
examines the water quality and physicochemical differences among spring openings in the lake; 
these data are presented in the next section of this report.   
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Figure 1.6.  Stratigraphy of the Edwards Aquifer Recharge Zone, indicating the major fault 
blocks along the aquifer.  Figure courtesy of Edwards Aquifer Authority.   
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Figure 1.7.  Geologic cross-section of the Edwards Aquifer near Spring Lake and San Marcos 
Springs.  Figure courtesy of Edwards Aquifer Authority.   
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1.2.4  Soils 
 

Soils in this portion of the central Texas region are composed of approximately 50 different soil 
units which range in their properties and coverage (Batte 1984).  In Comal and Hays counties, 
within which the Upper San Marcos River Watershed is contained, four soils units make up 59% 
of the total area (Table 1.1).  These soil units are the Bracket-Rock outcrop-Comfort complex 
(BtD), the Bracket-Rock outcrop-Real complex (BtG), the Comfort-Rock outcrop complex (CrD), 
and the Rumple-Comfort association (RUD).  The BtD, CrD, and RUD soil units are characterized 
by shallow, well-drained, and stony/gravelly clayey loams that are present at 1-8% grades.  The 
BtG unit is also well-drained gravelly clay loam, but is present on ridges of 8-30% slope.  Thus, a 
majority of the soil units within Comal and Hays counties are classified as a part of the Comfort 
and Bracket series and are characterized as having shallow depths, being well-drained, having 
low water holding capacity, containing shallow rooting depths, and being located in more 
upland areas or along steep hillsides.  Given these characteristics, erosion of these soils from 
more upland areas is a major concern (Batte 1984). 
 
Within the Sink Creek watershed, the overwhelmingly dominant soil series are the Rumple-
Comfort-Eckrant types (Figure 2.6).  These series are characterized as being typical of the 
undulating and steep terrains of the Edwards Plateau uplands, exhibiting shallow depths, and 
overlying limestone parent materials.  Again, the properties and characteristics of these units 
suggest that soil erosion is a substantial concern.  Thus, development activities within the Sink 
Creek watershed which lead to increased erosion and transport of suspended solids and 
associated nutrients could have significant effects on the water quality of Spring Lake and the 
upper San Marcos River.  
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Figure 1.8.  Map of the major soil unit distributions within Comal and Hays counties, including 
the Sink Creek watershed.  Figure courtesy of the USDA and the Soil Conservation Service (Batte 
1984).  
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Table 1.1. Soil unit distributions in Hays and Comal Counties, Texas.  Data from the Natural 
Resources Conservation Service (http://websoilsurvey.nrcs.usda.gov). 

Soil Unit Unit Name Acres in Area Percent of Area

AgC3 Altoga s i l ty clay, 2 to 5 percent s lopes , eroded 2,553.80 0.30%

AgD3 Altoga s i l ty clay, 5 to 8 percent s lopes , eroded 1,441.30 0.20%

AnA Anhalt clay, 0 to 1 percent s lopes  1,094.50 0.10%

AnB Anhalt clay, 1 to 3 percent s lopes  4,369.90 0.50%

AuB Austin-Castephen complex, 1 to 3 percent s lopes 2,925.40 0.40%

AuC3 Austin-Castephen complex, 2 to 5 percent s lopes , eroded 702.6 0.10%

BoB Boerne fine sandy loam, 1 to 3 percent s lopes , rarely flooded 2,947.10 0.40%

BrB 16 Bolar clay loam, 1 to 3 percent s lopes  230.6 2.00%

BtD Brackett-Rock outcrop-Comfort complex, 1 to 8 percent s lopes 110,483.30 13.80%

BtG Brackett-Rock outcrop-Real  complex, 8 to 30 percent s lopes 104,798.80 13.10%

ByA Branyon clay, 0 to 1 percent s lopes  13,114.50 1.60%

ByB Branyon clay, 1 to 3 percent s lopes  4,902.70 0.60%

CaC3 Castephen clay loam, 3 to 5 percent s lopes , eroded 855.3 0.10%

CrD Comfort-Rock outcrop complex, 1 to 8 percent s lopes 152,712.00 19.00%

DeB Denton s i l ty clay, 1 to 3 percent s lopes  10,581.70 1.30%

DeC3 Denton s i l ty clay, 1 to 5 percent s lopes , eroded 868.5 0.10%

DoC Doss  s i l ty clay, 1 to 5 percent s lopes  15,820.00 2.00%

ErG Eckrant-Rock outcrop complex, 8 to 30 percent s lopes 32,636.20 4.10%

FeF4 Ferris  clay, 5 to 20 percent s lopes , severely eroded 2,521.00 0.30%

GrC Gruene clay, 1 to 5 percent s lopes  6,109.40 0.80%

HeB Heiden clay, 1 to 3 percent s lopes  7,472.60 0.90%

HeC3 Heiden clay, 3 to 5 percent s lopes , eroded 15,782.70 2.00%

HeD3 Heiden clay, 5 to 8 percent s lopes , eroded 4,613.70 0.60%

HgD Heiden gravel ly clay, 3 to 8 percent s lopes  2,628.40 0.30%

HoB Houston Black clay, 1 to 3 percent s lopes  20,546.50 2.60%

HvB Houston Black gravel ly clay, 1 to 3 percent s lopes 3,877.80 0.50%

HvD Houston Black gravel ly clay, 3 to 8 percent s lopes 4,546.30 0.60%

KrA Krum clay, 0 to 1 percent s lopes  4,211.10 0.50%

KrB Krum clay, 1 to 3 percent s lopes  12,838.30 1.60%

KrC Krum clay, 3 to 5 percent s lopes  1,452.60 0.20%

LeA Lewisvi l le s i l ty clay, 0 to 1 percent s lopes  4,136.80 0.50%

LeB Lewisvi l le s i l ty clay, 1 to 3 percent s lopes  9,053.40 1.10%

MEC Medl in-Eckrant association, 1 to 8 percent s lopes 3,764.40 0.50%

MED Medl in-Eckrant association, 8 to 30 percent s lopes 2,563.50 0.30%

Oa Oakal la  s i l ty clay loam, 0 to 1 percent s lopes , rarely flooded 2,087.00 0.30%

Ok Oakal la  soi l s , 0 to 2 percent s lopes , frequently flooded 1,867.50 0.20%

Or Ori f soi l s , 0 to 1 percent s lopes , frequently flooded 3,412.40 0.40%

PdB Pedernales  fine sandy loam, 1 to 5 percent s lopes 299.1 <0.01%

PuC Purves  clay, 1 to 5 percent s lopes  8,008.60 1.00%

RaD Real  gravel ly loam, 1 to 8 percent s lopes  8,546.70 1.10%

RcD Real -Comfort-Doss  complex, 1 to 8 percent s lopes 44,267.00 5.50%

RUD Rumple-Comfort association, 1 to 8 percent s lopes 106,472.40 13.30%

SeB Seawi l low clay loam, 1 to 3 percent s lopes  1,584.50 0.20%

SeD Seawi l low clay loam, 3 to 8 percent s lopes  1,445.50 0.20%

SuA Sunev s i l ty clay loam, 0 to 1 percent s lopes  2,502.30 0.30%

SuB Sunev clay loam, 1 to 3 percent s lopes  9,485.80 1.20%

TaB Tarpley clay, 1 to 3 percent s lopes  5,839.30 0.70%

Tn Tinn clay, 0 to 1 percent s lopes , frequently flooded 6,811.00 0.80%

Totals for Area 802,690.90 100.00%  
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1.2.5  Vegetation 
 

Vegetation within the Sink Creek watershed is characteristic of much of the Texas Hill country.  
Thin topsoils (10-30 cm) and semi-arid conditions lead to relatively sparse vegetation cover.  
Texas oak (Quercus buckleyi), ashe juniper (Juniperus ashei), and lacey oak (Quercus laceyi) are 
the dominant trees in more upland positions in the landscape.  Along the San Marcos River and 
Sink Creek margins and in the floodplain are stands of black willow (Salix nigra), bald cypress 
(Taxodium distichum), sycamore (Platanus occidentalis), and pecan (Carya illinoinensis).  Grass 
communities within the watershed are composed of multiple species, including little bluestem 
(Schizachyrium scoparium), hairy grama (Bouteloua hirsuta), side oats grama (Bouteloua 
curtipendula), Texas wintergrass (Stipa leucotricha), white tridens (Tridens muticus), Texas 
cupgrass (Eriochloa sericea), tall dropseed (Sporobolus asper), and seep muhly (Muhlenbergia 
reverchonii) (Riskind and Diamond, 1986). 

1.2.6  Aquatic Life 
 

Monitoring and habitat assessments have been conducted for many years by Texas Parks and 
Wildlife (TPWD), the US Fish and Wildlife Service (USFWS), and others because of the high 
density of endangered and threatened species (see ENDANGERED SPECIES below).  The 
macroinvertebrate assemblages in Spring Lake and the Upper San Marcos River are diverse, 
representing more than 17 orders and 68 families (P.H. Diaz, USFWS, pers comm).  Despite the 
abundant and diverse macroinvertebrate communities in the river and lake, there is significant 
concern about non-native and invasive species of invertebrates, including the giant ramshorn 
snail (Marisa comuarietis), and the red-rimmed melania snail (Melanoides tuburculata).  The 
likely source of these species is through introductions from the aquarium trade.   
 
The fish assemblages of the lake and river have been extensively studied.  Perkin and Bonner 
(2010) conducted a long-term assessment (1938-2006) of fish assemblages of the San Marcos 
River and found that from, a total of 66 fish species were reported in the river, dominated by 
Poeciliidae (live bearers), Cyprinidae (minnows), Centrarchidae (basses) and Percidae (darters).  
However, the authors determined that there were temporal changes to the fish assemblage 
over this interval, with a trend of replacement of endemic species with more wide-spread 
generalist species.  They concluded that these changes were associated with changes in the 
hydrological regime of the river (a decrease in the number of large and small floods events) 
during the same period due to the construction of low-head impoundments (including Spring 
Lake Dam).  In addition to the loss of endemic fishes, there are a number of non-native 
invasives that currently reside in the river including armored catfishes (Hypostomus 
plecostomus) and tilapia (Oreochromis mossambicus) (Pound et al 2011).  Similar to the non-
native invertebrates, the origin of these fishes is likely from the aquaculture and aquarium 
trade. 
 
The high water clarity in the lake and Upper River also lead to abundant and diverse 
macrophyte communities.  Lemke (1989) performed a survey of macrophytes and found a 
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diverse aquatic plant community composed of 31 species, with 23 of the species native to the 
region.  Of particular note, is the presence of Texas wild rice (Zizania texana), a native 
macrophyte species that only occurs in the upper San Marcos River and is listed as endangered 
(see ENDANGERED SPECIES below).  Again, non-native and potentially invasive macrophytes are 
also a concern, particularly hydrilla (Hydrilla verticillata), elephant ear taro (Colocasia 
esculenta), and Beckett’s water trumpet (Cryptocoryne beckettii). 

1.2.7  Endangered Species  

 
The Texas Hill country and especially the Balcones Escarpment area are habitat to many 
federally endangered species.  Terrestrial species such as the Golden-cheeked warbler 
(Dendroica chrysoparia) and the Black-capped-vireo (Vireo atricapilla) occur in habitats similar 
to those found in the Sink Creek watershed.  However, almost all of the concerns with 
Endangered and Threatened species come from the aquatic organisms associated with the 
groundwater, lake, and river.  The San Marcos salamander (Eurycea nana), Texas wild rice 
(Zizania texana), the fountain darter (Etheostoma fonticola), and the Comal Springs riffle beetle 
(Heterelmis comalensis) all reside in the lake and upper river and are listed by US Fish and 
Wildlife Service as endangered or threatened.  The fountain darter and Texas wild rice have 
both been used as focus organisms in restoration and mitigation actions in the Edwards Aquifer 
Recovery Implementation Plan (EARIP); efforts to manage river flows and optimize the 
availability of high-quality habitat have been centered on the requirements of these two 
endangered species (http://edwardsrip.org/).  In particular, preservation of water quality may 
be critical for recovery of the fountain darter and Texas wild rice because growth and 
reproduction of both species is affected by temperature (Bonner et al. 1998; Trolley-Jordan and 
Power 2007).  In addition, the Guadalupe roundnose minnow (Dionda nigrotaeniata) and the 
bigclaw river shrimp (Macrobrachium carcinus) also occur in the headwaters, and have been 
identified by the Texas Comprehensive Wildlife Conservation Strategy as species of “high 
priority” for conservation.   
 
In addition to the numerous surface water-associated listed taxa, there are several listed taxa 
that reside within the aquifer.  The Texas blind salamander (Eurycea rathburni), Peck’s cave 
amphipod (Stygobromus pecki) and the Comal Springs dryopid beetle (Stygoparnus comalensis) 
all reside within this region of the aquifer and are listed.  Two more species of phreatic fauna, 
the Texas trogolobitic water slater (Lirceolus smithii) and the Texas diving beetle (Haedioporus 
texasnus) have been petitioned for listing.   

1.2.8  Water Quality 
 

The historically high level of water quality, the unique spring-fed nature of the river, and the 
presence of multiple federally- and state-listed taxa has led to a great deal of water quality data 
collection in the river.  Water quality sampling in the upper San Marcos River has been 
performed by a number of government entities and academic researchers.  The USGS, the EAA, 
and TCEQ, and the Guadalupe-Blanco River Authority (GBRA) have collected water quality data 
in the upper San Marcos River.  These various data sources are provided in Appendix 1.   

http://edwardsrip.org/
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Spring Lake and the Upper San Marcos River currently meet the criteria for most water quality 
parameters, but the Upper San Marcos River (Segment 1814) was recently listed in the Draft 
2010 Texas Integrated Report for Clean Water Act Sections 305(b) and 303(d) lists as Category 
5, subcategory 5c for TDS.  This listing as a 5c waterbody means that the mean value of the 
collected TDS data (406.1 mg/L) exceeds the General Use criteria of 400 mg/L; the data used in 
the report and assessment span from 2001 – 2008.  Total dissolved solids are defined as the 
total content of inorganic and organic materials dissolved in water.  Generally, TDS is not 
considered a direct or primary pollutant, but high levels of TDS can be an indicator of 
contamination by dissolved organic and/or inorganic materials. The 5c designation of the upper 
San Marcos will lead to the collection of additional data before a TMDL is scheduled.  The 5c 
listing spans the entire upper San Marcos segment (from section 1814_01 to 1814_04), which 
encompasses the river 1.0 km upstream from the confluence with the Blanco River to 0.7 km 
upstream of Loop 82 in the City of San Marcos.   

In addition, to the concerns raised over elevated TDS concentrations in the upper river, it has 
been qualitatively noted that there is a great deal of spatial and temporal variability in 
suspended solids and water clarity associated climate-driven events.  Declines of water quality 
in Spring Lake associated with high flows (rainfall events) are likely due to NPS pollution and/or 
changes in land use in the watershed. A significant portion of this project is associated with 
periodic grab sampling from a variety of locations within Spring Lake as well as the estimation 
of storm flow loads in Sink Creek to the lake.  These data are still being collected and analyzed 
and will be presented in a later report.  In addition, the USGS has performed a very limited 
amount of event-based water quality sampling from some of the ephemeral creeks in the upper 
San Marcos, including Sink Creek and Purgatory Creek (Appendix 1).  

Prior to the project, there have been limited efforts to obtain high temporal resolution and 
storm-based data from Spring Lake and the upper San Marcos River.  Much of the sampling for 
water quality data has occurred at regular intervals (e.g., quarterly sampling) with little 
integration of storm events inputs.     

1.3  History and Development 

1.3.1  History and Settlement 
 

The area in and around the springs in San Marcos have been occupied by humans for at least 
11,000 years, making it the oldest continually inhabited site in North America (Shiner, 1983; 
Bousman and Nikels 2003).  Native peoples were the first human inhabitants and lived in and 
around the springs for most of this period.  Due to the continuous habitation for this extended 
period of time, Spring Lake and the immediate area is an important archeological site.  In 
addition, areas within the Sink Creek and Purgatory watersheds have also provided invaluable 
archaeological materials and information.    
 

http://en.wikipedia.org/wiki/Inorganic
http://en.wikipedia.org/wiki/Organic_compound
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The Spanish first visited the springs in 1691 and subsequently established as an outpost 
(Hatcher 1932).  In 1840, the Republic of Texas established Fort San Marcos at the site, which 
was situated near the springs, and in 1845, General Edward Burleson purchased the area 
around the springs and constructed a dam in 1849 (Bousman and Nikels 2003).  This dam 
created Spring Lake; vestiges of the materials used to build the dam are still apparent today. 
 
In 1926, A.B. Rogers purchased the tract of land associated with Spring Lake and built a hotel on 
the site.  A.B Rogers’ son purchased the area in 1949 and renamed it ‘Aquarena’, subsequently 
creating one of the most popular attractions and resorts in Texas.  The resort operated for 
almost 50 years and Southwest Texas State purchased the property in 1991 and continued its 
operation until 1996.  At that time, the University converted the facility and lake from a tourist 
attraction to location that could be used for educational purposes.  Currently, most of the old 
Aquarena infrastructure is slated to be torn down, leaving only the old hotel which houses the 
Texas River Systems Institute and some offices for TPWD.    

1.3.2  Populations and Growth Predictions 
 

Based upon US Census data, the population of San Marcos increased from 34,733 in 2000 to 
44,894 in 2010, a 29.3% increase in 10 years (http://quickfacts.census.gov/qfd/index.html).  
During this same time interval, the population of Hays County increased from 97,589 to 
157,107, a remarkable 61%, indicating an even faster growth rate in areas immediately outside 
of San Marcos.  These growth rates are greater than the entire state of Texas over this time 
interval (20.6%) and it far greater than the United States growth rates (9.7%).  Projected growth 
rates for the state of Texas indicate that the state population will increase 35% over the next 20 
years (from 2010 – 2030).  In particular, it is projected that the population of Hays County will 
increase ~200% in the next 50 years, to a population of 493,320 (TWDB 2010).  Indeed, the 
population of the entire Edwards Aquifer region will increase by 63% to nearly 1.3 million 
people.  Given these population growth projections, the land use demands within the Spring 
Lake and upper San Marcos River will be much higher and the demand for Edwards Aquifer 
water resources will be exceptionally high. 
 
One area with the potential of significant impact in the Spring Lake watershed is the Windmere 
Ranch tract, which is located adjacent to the Sink Creek stream bed at the Lime Kiln Road 
crossing.  This area of ~230 acres is planned for conversion to a housing development.  Overall, 
development in the Upper San Marcos watershed is expected to increase, converting from 
traditionally low-impact agriculture practices to more intense urban developments.    

1.4  Data Collection and Analysis 
 

The following sections describe data collections used to define and characterize land use and 
land cover in the Upper San Marcos and Sink Creek watersheds.  These sections first provide 
information on the overall San Marcos River watershed and then specifically address issues 
related to the Sink Creek watershed.  These characterization efforts include spatial delineation 

http://quickfacts.census.gov/qfd/index.html
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of the watersheds and assessment of the patterns in LULC over time.  The relevant methods 
used for each analysis are provided at the beginning of each section. 

1.4.1  Watershed and Subwatershed Delineation 

 
The Upper San Marcos River watershed and each of the sub-basins, including Sink Creek, were 
delineated from digital elevation models (DEM) using standard analysis tools in ArcGIS 9.2, and 
included ‘burning’ accurate stream channels through low-gradient areas where urban 
infrastructure interfered with the raw DEM data, obtained from the USGS Seamless Data 
Warehouse (http://seamless.usgs.gov/).   

1.5  Land Use and Land Cover 

1.5.1  Land Cover Analysis Methods 
 

A Land Use/Land Cover Change analysis was performed to quantify the spatial distribution 
trends in use, within the contributing watershed for the Upper San Marcos River and then in 
Sink Creek. Changes in land use, in particular, can have direct impacts on a larger watershed 
system, and identifying these patterns and trends in changes of land use can be useful for 
understanding and identifying causes for various effects that can be observed in the 
environment (the San Marcos River, for example). 
 
The process of detecting changes in LULC over time involved using Remote Sensed land cover 
data for multiple years (1992, 2001 and 2006) and comparing classified pixel values. For this 
analysis, the following National Land Cover Datasets (NLCD) data was downloaded from the 
USGS seamless server at http://seamless.usgs.gov/nlcd.php.  NLCD data for 1992, 2001, and 
2006 were projected and clipped to the Upper San Marcos watershed and the Sink Creek 
watershed, and analyzed for the entire watershed.  
 
Before statistics on LULC and change in LULC over the relevant time periods can be generated, 
data must be standardized using a re-classification scheme that allows comparison of similar 
land covers at each time interval. In this study, classification scheme for the data from the 1992 
NLCD differed slightly from the 2001 and 2006 NLCD.  Definitions for the original class coverage 
are provided for each of the datasets in the Appendices (Appendix 2: 1992 NLCD original class 
definitions; Appendix 3: 2001 and 2006 original class definitions).  Reclassification consisted of 
converting the >30 LULC categories into one of six categories.  The reclassified categories are: 
(1) Water, (2) Developed, (3) Barren, (4) Forest, (5) Grass/Shrub Land, and (6) Agriculture.  
Specifics on the reclassification schemes for each time interval are presented in Tables 1.2 and 
1.3. 
   
 

http://seamless.usgs.gov/
http://seamless.usgs.gov/nlcd.php
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1.5.2  RESULTS 
 

Results of the LULC analyses in the Upper San Marcos River watershed for each of the three 
years are shown in Figure 1.9.  In the Upper San Marcos River watershed, there have been 
substantial changes in land use over from 1992 - 2006.  Forest is the dominant LULC cover type 
on all three dates; however, the percent cover in forested land in the San Marcos River 
watershed declined from 57.7% in 1992 to 49.12% in 2006.  These changes in forest cover were 
concomitant with decreases in the percent agricultural land cover and increases in developed 
areas and grass/shrub land cover (Figures 1.10 and 1.11).  Overall, in the Upper San Marcos 
River watershed, developed area accounted for 6.6% in 1992 and increased to 11.51% by 2006, 
indicating substantial urbanization of the Upper San Marcos River watershed over this 14-year 
period.  
 
 
 

Table 1.2 1992 NLCD reclassification scheme. 
 

Original Class New Class Old Value New Value 

Open Water Water 11 1 

Developed, low intensity Developed 21 2 

Developed, high intensity Developed 22 2 

Commercial/ Industrial/ Transp. Developed 23 2 

Bare Rock/Sand/Clay Barren 31 3 

Quarries/Gravel Pits Barren 32 3 

Deciduous Forest Forest 41 4 

Evergreen Forest Forest 42 4 

Shrub land Grass/ Shrub Land 51 5 

Grassland Herbaceous Grass/ Shrub Land 71 5 

Pasture/Hay Agriculture 81 6 

Row Crops Agriculture 82 6 

Small grains Agriculture 83 6 

Urban/Recreational Grasses Agriculture 85 6 

Emergent Herbaceous wetlands Forest 92 4 
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Table 1.3. 2001 and 2006 NLCD reclassification scheme. 
 

Original Class New Class Old Value New Value 

Open Water Water 11 1 

Developed, open space Developed 21 2 

Developed, low intensity Developed 22 2 

Developed, medium intensity Developed 23 2 

Developed, high intensity Developed 24 2 

Barren Land Barren 31 3 

Deciduous Forest Forest 41 4 

Evergreen Forest Forest 42 4 

Mixed Forest Forest 43 4 

Shrub/ Scrub Grass/ Shrub land 52 5 

Grassland/Herbaceous Grass/ Shrub land 71 5 

Pasture/Hay Agriculture 81 6 

Cultivated Crops Agriculture 82 6 

Woody Wetlands Forest 90 4 
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Figure 1.9.  Spatial LULC patterns in the Upper San Marcos River Watershed in 1992, 2001, and 
2006.  Note that these watershed boundaries are only for surface drainages, and do not define 
the much larger groundwatershed contributing flow to San Marcos Springs. 
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Figure 1.10.  Temporal changes in the percent composition of LULC in the Upper San Marcos 
River watershed in 1992, 2001, and 2006.   
 
 
 

 
Figure 1.11.  Changes in the percent composition of LULC in the Upper San Marcos River 
Watershed in 1992, 2001, and 2006. Colors match the legend in Figure 1.9. 
 
Changes in the Sink Creek watershed generally followed those observed in the overall Upper 
San Marcos Watershed (Figure 1.12).  Over the 14-year study period, most of this LULC cover 
change occurred from 1992 – 2001 (Figure 1.13).  In the Sink Creek watershed, forest cover 
declined from 64.3% in 1992 to 54.9% in 2006 (Figures 1.14, and 1.15).  Agricultural land cover 
declined (5% to <1%) and the amount of land classified as grass/shrub land also increased over 
this interval (28.7% to 39.5%).  The percent of land cover classified as developed in the Sink 
Creek watershed was less than the overall Upper San Marcos River watershed, but the 
temporal trends were similar to the overall watershed in that the developed cover increased 
from 1.6% in 1992 to 5.0% in 2006.          



43 

 

 
Figure 1.12.  Spatial LULC patterns in the Sink Creek watershed in 1992, 2001, and 2006.  Note 
that these watershed boundaries are only for surface drainages, and do not define the much 
larger groundwatershed. 

Sink Creek NLCD LULC 
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Figure 1.13.  Spatial LULC change patterns in the Sink Creek watershed from 1992 to 2001.  
Areas that are colored red exhibited a change in land classification during this time period.  All 
other areas on the map remained the same land classification from 1992 – 2001. 
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Figure 1.14.  Temporal changes in the percent composition of LULC in the Sink Creek watershed 
in 1992, 2001, and 2006.   
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Figure 1.15. Changes in the percent composition of LULC in the Upper San Marcos River 
Watershed in 1992, 2001, and 2006. 
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Figure 1.15 - continued.  Changes in the percent composition of LULC in the Upper San Marcos 
River Watershed in 1992, 2001, and 2006. 
 
 
These results indicate that there have been substantial LULC changes in the Upper San Marcos 
and Sink Creek watershed, but that between 1992 and 2006 most of this change occurred 
during the time interval from 1992 – 2001.  Although the greatest percent conversion of LULC 
occurred during the 1992 – 2001, a longer time period than the 2001 – 2006 interval, when the 
LULC is examined as a rate (% change per year), results indicate that the rate of land use 
conversion proceeded at a slower rate in the 2001 – 2006 period.  For example, developed land 
cover increased by 4.6% in the Upper San Marcos River watershed from 1992 – 2001 (6.6% to 
11.21%), a rate of 0.66% per year.  In contrast, developed land cover increased 0.3% in the 2001 
– 2006 period (11.21% to 11.51%), an increase of 0.06% per year.  This same pattern is true for 

2001 

2006 
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the Sink Creek watershed, with much slower rates (% increase per year) of developed land 
cover occurring in the 2001 – 2006 time period relative to the 1991 – 2001 period.     
 
Overall, there has been a reduction in forest and agricultural land cover and an increase in 
grassland and developed land cover over time in both the San Marcos and Sink Creek 
watersheds.  The reduction in forest and agricultural land cover is due to their conversion to 
developed areas and grass/shrub lands.  Furthermore, the conversion of forest cover to 
grass/shrub lands is also likely the result of extensive efforts to remove Ashe Juniper from the 
landscape in recent decades. 
 
Developed land cover and associated increases in impervious cover can have a profound effect 
on the water quality and dynamics of aquatic ecosystems.  It is critical to assess changes 
associated with urban development in hydrologically and ecologically sensitive watersheds in 
order to understand the fate and transport of materials as well as to plan future development 
(France, 2006).  Indeed, urban land cover and associated impervious surfaces in sensitive 
watersheds can have profound effects on water quality and biota with even relatively modest 
percentage of urban land use (King et al. 2011; Nataluk and Dooley, 2003).  Recently, King et al. 
(2011) found that as little as 1% impervious cover in a watershed can lead to declines in 
sensitive biota.   

1.6  Summary of Initial Watershed Characterization  
 

Spring Lake in central Texas is a unique ecosystem, serving as the headwaters of the Upper San 
Marcos River.  Spring Lake and the Upper San Marcos River represent an invaluable 
recreational, educational, cultural and ecological resource for this region and clearly require 
protection and preservation.  However, this region of Texas is rapidly growing and faces 
increasing pressure from anthropogenic development.  Here, we presented an initial 
characterization of the Upper San Marcos and Sink Creek watersheds, and evaluated number of 
the physical, chemical, and biological aspects of these watersheds.  In particular, we examined 
patterns in LULC characteristics of the Upper San Marcos River and Sink Creek watersheds. 
 
Of the four major surface drainages that discharge into the Upper San Marcos River Watershed, 
Sink Creek is the most upstream and potentially plays an important role in determining 
nutrients and sediments loads to Spring Lake and the Upper River.  Thus, determining NPS 
inputs to Sink Creek form the watershed are critical the maintenance of water quality for the 
lake and upper river.  However, Spring Lake also receives substantial groundwater from both 
local- and regionally-derived sources within the Edwards Aquifer, with the magnitude of the 
different sources dependent upon regional hydrologic conditions.  The high degree of surface- 
and ground-water connectivity likely makes any NPS loading to groundwater within the 
Edwards Aquifer recharge zone relevant to NPS dynamics in Spring Lake.   
 
Currently, Spring Lake and the Upper San Marcos River meet most water quality standards, but 
the upper San Marcos River was proposed for listing under Section 5c of the 303(d) list for not 
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meeting criteria for TDS.  TDS is a composite measure of all dissolved organic and inorganic 
material in a sample, and it is unknown which dissolved constituents may have increased to 
cause TDS levels to exceed criteria for General Use.  Regardless, the TCEQ will need to collect 
additional data and information about this issue before a TMDL is performed.  In addition, a 
number of investigators have qualitatively noted that suspended solids have increased and 
associated water clarity declined after rainfall events.  It is presumed that surface runoff 
associated with these rainfall events is the major cause of these temporally short water quality 
declines, but there is very little data on the role of this surface runoff in sediment and nutrient 
loading.  Aquatic invertebrate, fish and aquatic vegetation communities in the river are 
relatively diverse and composed of many endemic species.  However, there are a number of 
non-native and potentially invasive species in the lake and river that are cause for concern.  In 
addition, increased sediment and nutrient loading from the surface watersheds, including Sink 
Creek can cause habitat and water quality deterioration that may lead to population- and 
community-level impacts.   
 
The Upper San Marcos River and Sink Creek watersheds have undergone significant LULC 
changes from 1992 - 2006.  In particular, both of these watersheds have experienced declines in 
the percent cover of forest and agricultural area.  These declines were accompanied by 
increases in developed area and grass/shrub lands.  Conversion of forested and agricultural 
areas in the watersheds was most rapid during the 1992 – 2001 and this rate declined 
substantially during the 2001 – 2006 period.  Reduction in forest and agricultural land cover is 
likely due to changes in land use patterns associated with increasing human populations in the 
area and aggressive programs to remove ashe juniper from the landscape. 
 
Although developed land cover constitutes 11.5% and 5.0% of the land cover in the Upper San 
Marcos and Sink Creek watersheds, respectively, many previous studies have found that 
relatively small amounts of developed land cover can lead to substantial impacts through 
increased pollutant loads and altered hydrological regimes.  Currently, water quality conditions 
in Spring Lake and the Upper San Marcos River are reliant upon on adequate flows from the 
headwater springs.  Decreases in aquifer levels, and/or human development on or along aquifer 
recharge sites will likely lead to decreased water quality through an increased reliance on 
surface water inputs and NPS inputs associated with runoff from disturbed lands. 
 
It is likely that further development within the Sink Creek watershed will have implications for 
the water quality and biota of Spring Lake.  As one example, given the presence of recharge 
features in the area, and the fact that Sink Creek also serves as a surface water input to Spring 
Lake, the Windmere Ranch Development has a high likelihood of impacting water quality in the 
lake and the upper river.  It is recommended that future development activities in the 
watershed should be carefully examined and best management practices (BMPs) should be 
applied to minimize the effects of development on water quality in Spring Lake and the upper 
San Marcos River.   
 
Preservation of water quality and quantity in Spring Lake and the Upper San Marcos River 
requires an integrated management plan that incorporates both surface- and groundwater, 
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spans agency jurisdictions, allows for stakeholder involvement, and maintains the sometimes 
difficult balance between natural resource management and economic development. Future 
portions of the Spring Lake Watershed Characterization and Recommendations Project, 
including the periodic collection of water quality data and the determination of NPS loads 
associated with storm events from the Sink Creek watershed will play a vital role in initiating 
the generation of such a management plan. 
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2.0 Data Collection and Analysis Introduction  
 
The purpose of this data collection effort is to provide information on spatial and temporal 
variability in water quality in the Upper San Marcos River under both baseflow and stormflow 
conditions, and to compare water quality under these conditions to existing surface water 
quality standards. This comparison allows identification of times and locations at which water 
quality standards for particular parameters may or may not be exceeded, and provides 
guidance for future efforts to focus on mitigating any sources of NPS which may be contributing 
to water quality impairment.  

2.1 General Watershed Information 
 
Although Spring Lake receives most of its annual hydrological inputs from groundwater sources, 
Sink Creek discharges into the Slough Arm of the lake.  Flows from Sink Creek originate more 
than 15 stream miles upstream to the northwest near the city of Wimberley.  Much of the time, 
Sink Creek is dry and experiences little to no flow.  However, during strong rain events or in 
relatively wet years (e.g., El Niño years), Sink Creek flows and appears to discharge substantial 
loads of sediments and nutrients into Spring Lake and the upper river.  As the name implies, 
water in the creek also “sinks” and presumably provides some recharge to local groundwater 
sources.  However, the extent of this groundwater recharge from the creek is not known.  There 
are also several flood retention structures (dams) upstream from Spring Lake on Sink Creek, 
with the largest of these structures located on Freeman Ranch.  Presumably, these flood 
retention structures also provide some opportunity for surface waters to recharge the aquifer.  
  
As a result of the strong spring water influence on Spring Lake and the upper San Marcos, the 
upper river typically exhibits high water quality with low turbidity, low suspended sediment 
loads, and low phosphorus (P) concentrations.  Spring Lake and the USMR have recently 
experienced increased turbidity and declines in water quality after rainfall events, presumably 
from inputs by Sink Creek and other tributaries.  However, the relative pollutant load 
contributions of these ground- and surface water sources to Spring Lake and the USMR 
currently remain unknown.   
 
This Data Collection and Analysis portion of the report describes the data collected to 
characterize spatial and temporal properties of water quality in the Spring Lake watershed. 
Several approaches were used to accomplish this, and can be separated into three types of data 
collection and monitoring efforts: 1) Continuous monitoring of basic field parameters; 2) 
Routine sampling for water quality; and 3) Targeted sampling for water quality. A description of 
methods used and the results will be presented separately for each effort, and followed by a 
brief discussion and conclusion that integrates the major findings of all three efforts. 
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2.2 Sampling Sites 
 
Locations in Spring Lake and the Sink Creek watershed where manual or automated water 
samples, and automated water quality data are collected, are referred to as Sampling Sites 
(Table 2.1). Together, these sites are part of the Continuous Monitoring, Routine Sampling, and 
Targeted Sampling programs, which were designed to assess existing baseline water quality as 
well as changes in water quality due to storm events and seasonal-scale effects. Figures 2.1, 2.2, 
and 2.3 illustrate the geographic locations of these sites.
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Figure 2.1.  Detailed satellite image of sites in the Sink Creek watershed used for the Storm Flow Monitoring Program.  Sites are 
indicated by stars. 
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Figure 2.2 Detailed satellite image of the sites within Spring Lake and the upper San Marcos River used for the Water Quality 
Monitoring Program.  The location of sites is indicated by stars. 
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Figure 2.3.  Detailed satellite image of the sites within Spring Lake and the upper San Marcos River used for the Routine Water 
Quality Monitoring Program.  The location of sites is indicated by stars. 
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Table 2.1. Sampling and Monitoring Sites for Continuous, Routine, and Targeted Sampling. 
 

Latitude Start End Sample

Longitude Date Date Matrix Nutrients Residue, Tot. 

Non-Filterable

Comments

29.90566

-97.93055

29.919426

-97.973355

29.924304

-98.00911

29.89314

-97.92788

29.89121

-97.93058

29.89320

-97.93130

29.89019

-97.93459

29.88972

-97.93427

29.89400

-97.93024

29.89239

-97.93228

29.89333

-97.93123

29.89339

-97.93136

29.89385

-97.93016

29.89314

-97.92788

Latitude Start End Sample

Longitude Date Date Matrix Comments

29.89400

-97.93024

29.89239

-97.93228

29.89333

-97.93123

29.89339

-97.93136

29.89385

-97.93016

29.89314

-97.92788

16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

Parameters

15496 Lake Slough Arm at bridge

6/16/2011 8/31/2012 water

16

16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

20914 Crater Bottom

6/16/2011 8/31/2012 water

20913 Cream of Wheat springs

6/16/2011 8/31/2012 water

16

16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

20912 Diversion spring

6/16/2011 8/31/2012 water

20911 Deep Hole spring

6/16/2011 8/31/2012 water

16

16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

Routine and Stormflow Sampling Sites and Parameters

TCEQ Station ID Site Description

Continuous Monitoring Sites and Parameters

20910 Hotel spring

6/16/2011 8/31/2012 water

Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

20923 San Marcos River 50m 

below falls at old mill bldg. 6/16/2011 8/31/2012

water 16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

Lake Spring Arm Above 

Falls

20922

Data collected every 15 min
DO, pH, SpC, Turbidity

Data collected every 15 min

15496 Lake Slough Arm at bridge
6/16/2011 8/31/2012 water

20914 Crater Bottom spring
6/16/2011 8/31/2012 water DO, pH, SpC, Turbidity

Data collected every 15 min
DO, pH, SpC, Turbidity

Data collected every 15 min

20913 Cream of Wheat springs
6/16/2011 8/31/2012 water

20912 Diversion spring
6/16/2011 8/31/2012 water DO, pH, SpC, Turbidity

Data collected every 15 min
DO, pH, SpC, Turbidity

Data collected every 15 min

20911 Deep Hole spring
6/16/2011 8/31/2012 water

20910 Hotel spring
6/16/2011 8/31/2012 water DO, pH, SpC, Turbidity

6/16/2011 8/31/2012

water 16 16

16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

20921 Lake Spring Arm at Sub

6/16/2011 8/31/2012

water 16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

20920 Lake Slough Arm at 

Wetland Walk 6/16/2011 8/31/2012

water 16

15496 Lake Slough Arm at bridge

6/16/2011 8/31/2012

water 16 16 Sampled every 2-3 weeks (RT) 

with some additional samples 

targeting high flow events (BF)

Sink Creek headwaters 

(Fulton Ranch Road 

Crossing)

20918

6/16/2011 8/31/2012

water 3 to 8 3 to 8

20917 Sink Creek flood retention 

structure 6/16/2011 8/31/2012

water 3 to 8 3 to 8 Sampling tied to flow events

Sampling tied to flow events

TCEQ Station ID Site Description

Monitoring Frequencies (per year)

20916 Sink Creek Lime Kiln 

crossing 6/16/2011 8/31/2012

water 3 to 8 3 to 8 Sampling tied to flow events
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2.3 Continuous Monitoring 
 
Continuous monitoring of Dissolved Oxygen (DO), pH, Specific Conductivity (SpC), and Turbidity 
was performed at six sites in Spring Lake from May 2010 until late September 2012. Five sites 
are discrete springs in the Spring Arm of Spring Lake (Deep, Crater Bottom, Hotel, Cream of 
Wheat, and Diversion Springs), and one is in the Slough Arm of Spring Lake. At each site, an In-
Situ 9500 XP multi-parameter data-logging sonde was installed and programmed to record 
parameters (Temperature, Specific Conductance, pH, Dissolved Oxygen, and Turbidity) at 15-
minute intervals. From the 96 measurements each day, average, minimum, and maximum 
values were calculated and reported to TCEQ. Every 4 weeks, each sonde was removed from 
the lake and calibrated according to the manufacturer’s specifications, data were downloaded, 
and the sonde was then re-programmed and replaced in the lake. 
 
Monitoring at the spring openings was primarily done to characterize how the springs respond 
to local rainfall events and longer-term changes in the aquifer level. Slough arm monitoring was 
designed to characterize how runoff during storm events influences the lake and the San 
Marcos River. 

2.3.1 Temperature 

 
Temperature is one of the most useful parameters for detecting short and long term changes in 
water properties from the springs, and many observations can be made by comparing discharge 
and temperature, and differences in how temperature responds to rainfall events at different 
springs (Figure 2.4). 
 
For example, Deep Spring is part of a group of springs in the southern end of the lake that 
discharge waters warmer than those in the headwaters region. The likely reason for this is that 
these springs derive a larger percentage of their water from deeper, longer flowpaths, and are 
influenced by regional scale aquifer and recharge conditions. In contrast, Crater Bottom Spring 
is generally cooler and responds less to changes in discharge, which implies that it may be 
dominated by local recharge and aquifer conditions. In the Edwards Aquifer, waters derived 
from the longer and deeper flowpaths tend to be warmer than waters derived from local or 
shallow sources. This is because of the geothermal gradient, which is an increase in 
temperature with an increase in depth. The local or shallower recharge tends to have a 
temperature that is close to the annual average temperature on the surface. 
 
The remaining springs (Cream of Wheat, Hotel, and Diversion) all appear to discharge a variable 
mixture of deeper, regional water and shallower, local water. The relative proportions of these 
two end members depend on local and regional aquifer conditions. For example, during 2010 
and into 2011, temperatures at the mixed springs continued to increase as discharge 
decreased, indicating more dependence on deeper regional flow and less on local recharge 
(Figures 2.4-5). When aquifer levels rebounded in late 2011 and early 2012, spring water 
temperatures decreased sharply, suggesting that a much larger proportion of the water was 
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derived from local recharge. This is even observed in Deep Spring, and we suggest that this is 
because during late 2011 and early 2012, much more recharge occurred in the local region, and 
below average recharge occurred in the western portions of the aquifer that contribute to the 
deep regional flow towards San Marcos Springs.  
 
At much shorter time scales of days to weeks, large storm events cause changes in temperature 
within one day at all the springs we monitored. For example, on January 25, 2012, ~3 inches of 
rain caused significant runoff and aquifer recharge. A temperature signal from this rain event 
was clearly detected at all springs (Figure 2.5). 
 
At the Slough Arm site, temperature is highly variable, and changes are dominated by the 
effects of surface water input during storm events, and seasonal and daily changes in air 
temperature and solar radiation.  
 
The main conclusion that can be reached using these data is that all springs that were 
monitored are influenced both by regional and local sources of recharge. By extension, this is a 
clear indicator that a variety of contaminants with local sources can also reach the springs soon 
after large recharge events. Temperatures in the Slough Arm reinforce the idea that it is 
dominated by surface water and environmental conditions, rather than being groundwater 
dominated like the Spring Arm (Figure 2.6). 
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Figure 2.4. Continuous temperature data for spring sites during the study interval. Discharge at 
the USGS San Marcos River site is also shown. Note the general inverse relationship between 
temperature and discharge. Sudden spikes in discharge are related to storm events that caused 
stormwater runoff. Longer term increases in discharge are related to increases in groundwater 
discharge resulting from increased recharge to the Edwards Aquifer after single storm events 
and rainy periods. 
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Figure 2.5. Continuous temperature data for spring sites on January 25, 2012, and before, after, 
and during a storm event. Discharge at the USGS San Marcos River site is also shown. Note the 
rapid but varied response to the increase in discharge, indicating that most springs rapidly 
receive some local water after large rainfall and recharge events. Sudden spikes in discharge are 
related to storm events that caused stormwater runoff. Longer term increases in discharge are 
related to increases in groundwater discharge resulting from increased recharge to the Edwards 
Aquifer after single storm events and rainy periods. 
 



60 

 

0

50

100

150

200

250

300

5

10

15

20

25

30

35

6/15/10 12/14/10 6/15/11 12/14/11 6/14/12 12/13/12

D
is

ch
ar

ge
 [

cf
s]

T 
[C

]
Slough Arm

Temperature

Discharge

 
Figure 2.6. Continuous temperature data for the Slough Arm site during the study interval. 
Discharge at the USGS San Marcos River site is also shown. Note the seasonal trend in 
temperature, and daily variations. Also note the lack of a relationship with discharge in the San 
Marcos River. Sudden spikes in discharge are related to storm events that caused stormwater 
runoff. Longer term increases in discharge are related to increases in groundwater discharge 
resulting from increased recharge to the Edwards Aquifer after single storm events and rainy 
periods. 

2.3.2 Specific Conductance 

 
One of the main reasons for this monitoring program was to assess possible impairment of the 
Upper San Marcos River (Segment 1814) for Total Dissolved Solids (TDS), and classified under 
the US EPA Clean Water Act 303(d) list as category 5d, which means that additional data and 
information need to be collected before a TMDL can be scheduled. TDS is a measure of the total 
dissolved ion load in water, and high TDS can indicate water quality impairment due to a 
number of reasons including high nutrient loads. Other reasons for high TDS are naturally 
occurring ions derived from groundwater, including those derived from the dissolution of 
carbonate rocks, which hosts the Edwards Aquifer. A field parameter that is related to TDS, but 
does not measure each dissolved ion individually, is Specific Conductance (SpC). SpC is 
commonly used in field studies as a proxy for TDS, and in cases where detailed information is 
required, a site-specific relationship between TDS and SpC can be derived by measuring SpC at 
the time samples are collected for detailed TDS analysis in a lab.   
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Changes in SpC and TDS can be due to a variety of reasons, including increased nutrient and 
pollution loads, increased water residence times (during a drought, for example), rapid influx or 
recharge of surface or storm waters, and can occur at various time scales. Although SpC is not a 
direct measure of water quality in itself, it is another parameter which facilitates detection and 
later interpretation of changes in water source. For example, the general trend is for SpC to 
increase as discharge from springs decreases. This is because the average residence time of the 
water in the aquifer increases, which generally translates into a higher solute load as the water 
has a longer period to move through and dissolve the limestone of the Edwards aquifer 
formation. SpC is ultimately an electrically derived measurement of dissolved ions in the water, 
so changes in any ion concentration will result in a corresponding change in SpC. For this 
reason, SpC is commonly used as a proxy for Total Dissolved Solids (TDS). Aside from drought 
and wet-period reasons, TDS and SpC can change as a result of other short and long-term 
effects, including storm responses and long-term changes in NPS of nutrients such as Nitrate. 
The primary reasons for continuously measuring Spc were, as with T, to detect the timing and 
magnitude of any storm responses at the different spring openings. 
 
Figure 2.7 shows the continuous SpC data for the period of study. Sudden changes in SpC are 
not natural variability, but are instead the result of the instrument readings drift away from the 
actual SpC followed by recalibration of the instrument. In some cases, such as with Crater 
Bottom Spring, occasional dramatic decreases in SpC are likely the result of sedimentation on 
the sensor. This and other springs discharge both water and fine limestone sand that 
periodically builds up or “fouls” some sensors.  
 
Short term changes in SpC were observed in all parts of the record. Many correspond to storm 
events, which is further evidence that all of the monitored springs in Spring Lake are subject to 
influence by local recharge and storm effects. Other short-term responses in Cream of Wheat 
and Crater Bottom Springs may be the result of local pumping on a weekly cycle. Pumping in 
certain portions of the aquifer will lower the hydraulic head (pressure head, in particular) in 
that region, which can cause slight changes in SpC if waters discharging from a spring opening 
are an mixture of deep, regional, and shallow, local waters (Figure 2.7). During conditions of 
decreasing discharge in summer months, a weekly oscillation in spring discharge and index well 
levels is observed (Figure 2.8). This is probably related to a decrease pumping and consumption 
on weekends, because of the prohibition of irrigation on weekends during periods of drought-
stage water restrictions. The region experience drought-stage watering restrictions during 
much of 2011. This weekly pumping signal appears to be correlated with changes in SpC. 
 
At the Slough Arm site, SpC is highly variable, and changes are dominated by the effects of 
surface water input during storm events (Figure 2.9). Storm water inputs result in sharp and 
significant decreases in SpC due to dilution effects. Recovery to pre-storm values is likely 
controlled by mixing and movement of Spring Arm water, and possibly other minor sources of 
ground water. To our knowledge, there are no springs in the Slough Arm that discharge water 
from the Edwards Aquifer, and no other discrete springs have been observed. However, it is 
very likely that seepage from shallow alluvial aquifers contributes a small amount of 
groundwater water to this part of Spring Lake. 
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As with Temperature, SpC has shown that the groundwater system is influenced by local 
recharge events, reinforcing the notion that Spring Lake and San Marcos River are vulnerable to 
contamination by both local and regional NPS pollution. 
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Figure 2.7. Continuous specific conductance data for spring sites during the study interval. 
Discharge at the USGS San Marcos River site is also shown. Note that specific conductance tends 
to increase as discharge decreases throughout 2011, but then has mixed responses to general 
increase in discharge in early 2012. Sharp drops or offsets in conductivity are due to drift and 
subsequent instrument calibration. Sudden spikes in discharge are related to storm events that 
caused stormwater runoff. Longer term increases in discharge are related to increases in 
groundwater discharge resulting from increased recharge to the Edwards Aquifer after single 
storm events and rainy periods. 
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Figure 2.8. Continuous specific conductance data for spring sites during a portion of the study 
interval. Discharge at the USGS San Marcos River site is also shown. Note that specific 
conductance oscillates on an approximately weekly basis at some springs during late 2010. This 
may indicate shifting contributions from different groundwater sources (deep vs. shallow) as 
local or regional pumping occurred. Sharp drops or offsets in conductivity are due to drift and 
subsequent instrument calibration. Sudden spikes in discharge are related to storm events that 
caused stormwater runoff. Longer term increases in discharge are related to increases in 
groundwater discharge resulting from increased recharge to the Edwards Aquifer after single 
storm events and rainy periods. 
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Figure 2.9. Continuous specific conductance data for the Slough Arm site during a portion of the 
study interval. Discharge at the USGS San Marcos River site is also shown. Note that specific 
conductance changes are dominated by daily and storm-event signals. In addition, there is a 
general increase in specific conductance during the summer months in 2011, which may be due 
to evaporative effects. Storm responses are characterized by sharp and significant decreases in 
conductance. Note also that the linear instrument drift over time is not prominent because of 
the small magnitude of these changes relative to the large magnitude of daily and storm effects. 
Sudden spikes in discharge are related to storm events that caused stormwater runoff. Longer 
term increases in discharge are related to increases in groundwater discharge resulting from 
increased recharge to the Edwards Aquifer after single storm events and rainy periods. 
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2.3.3 Dissolved Oxygen 

 
Dissolved Oxygen (DO) is often used as a rough measure of water quality for aquatic organisms. 
In groundwater systems, it is also useful for determining how an aquifer responds to recharge 
events (Figure 2.10) and long-term changes in flow (Figure 2.11). In this way, it is similar to 
temperature and SpC measured in Spring Lake in that it resolves changes in water source and 
mixture (deep and shallow sources).  
 
However, there are a few differences between the DO, temperature, and SpC signals, and some 
features in the values and patterns of change, that were unexpected. DO levels in all springs 
responded to long-term changes in discharge, with increasing DO at Hotel, Cream of Wheat, 
Diversion, and Crater Bottom Springs correlating with decreased discharge (Figure 2.10).  Deep 
Hole Spring showed the smallest amount of variation and was the least sensitive to any change. 
Surprisingly, Deep Hole has the highest DO levels measured. This was unexpected because 
warmer and older water might be expected to have less DO as it is consumed by microbial 
respiration in the aquifer. Cold water is able to contain higher concentrations of dissolved 
gasses than warm water, so the fact that the warmer water has higher DO levels indicates that 
other processes are affecting DO in cooler and shallower portions of the aquifer. One possibility 
is that higher levels of dissolved organic carbon exist in fresh recharge waters, which support 
microbial respiration and consumption of DO. However, this has not been verified. Changes in 
DO at the other springs all support the hypothesis that their discharge is composed of a mixture 
of shallower (lower DO) and deeper (higher DO) waters. As discharge from local recharge 
sources decreased, the percentage of water derived from the deeper sources (warmer and with 
higher DO) increased. This resulted in the increased DO values during lower discharge periods 
in 2011.  
 
As with the other parameters, DO at the Slough Arm site (Figure 2.12) is highly dependent on 
surface environmental conditions, and is also strongly influenced by aquatic vegetation, 
decomposition of organic matter, and nutrient dynamics. In general, the highest DO values 
were recorded during the coldest periods, and lowest were recorded after summer rain events. 
Nutrients that are flushed into the surface water contribute to lowered DO levels. This is 
because the nutrients stimulate biological activity that also consumes oxygen. When excessive 
nutrients are present, DO can be reduced to levels that cause hypoxia.  
 
Lowest values of DO (at or near 0 mg/L) were generally recorded after storm events that 
resulted in major and minor surface water inputs to the Slough Arm, and either carried high 
turbidity and suspended and dissolved nutrient loads, and/or disturbed the abundant fine and 
organic rich sediments on the bottom of the Slough Arm. The minimum values generally 
occurred one day after these storm events. After some rain events in early 2012, DO levels 
temporarily reached or approached 0 mg/L at the monitoring site, which is ~1m below the 
surface. Although DO is required for aquatic life, no fish kills were observed during these 
events. However, we were unaware of low DO levels until after the events. Reasons why a fish 
kill may not have occurred include that the fish were able to move to other regions of the lake 
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with higher DO, or that there was stratification in the lake and DO was sufficient for aquatic life 
at or near the water surface.  
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Figure 2.10. Continuous Dissolved Oxygen (DO) data for the spring sites during the study 
interval. Discharge at the USGS San Marcos River site is also shown. Note that large changes in 
DO in late 2011 and early 2012 are likely related to instrument error. Similar to the response in 
temperature data, DO levels are correlated with discharge in that higher DO relates to lower 
discharge, and that DO also responds subtly but rapidly to recharge events. Sudden spikes in 
discharge are related to storm events that caused stormwater runoff. Longer term increases in 
discharge are related to increases in groundwater discharge resulting from increased recharge 
to the Edwards Aquifer after single storm events and rainy periods. 
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Figure 2.11. Continuous dissolved oxygen (DO) data for the spring sites during a portion of the 
study interval. Discharge at the USGS San Marcos River site is also shown. Note that Crater 
Bottom, Diversion, and Hotel Springs all respond rapidly to a recharge event in September, 
2010. Also note that the less springs respond to the recharge event, the higher the DO levels are. 
This indicates that these springs are less susceptible to the influence of rapidly recharged 
waters. The springs that are less responsive to changes in DO are also, in general, the warmest 
springs, indicating that these waters are derived from deeper and longer flowpaths. Sudden 
spikes in discharge are related to storm events that caused stormwater runoff. Longer term 
increases in discharge are related to increases in groundwater discharge resulting from 
increased recharge to the Edwards Aquifer after single storm events and rainy periods. 
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Figure 2.12. Continuous dissolved oxygen (DO) data for the Slough Arm Site during a portion of 
the study interval. Discharge at the USGS San Marcos River site is also shown. DO at this site is 
primarily controlled by daily and seasonal effects (temperature, in particular), with storm and 
post-storm effects also affecting DO. Sudden spikes in discharge are related to storm events that 
caused stormwater runoff. Longer term increases in discharge are related to increases in 
groundwater discharge resulting from increased recharge to the Edwards Aquifer after single 
storm events and rainy periods. 

2.3.4 pH 

 
In chemistry terms, pH is a measure of the activity of a hydrogen ion. Because many aquatic 
and organisms and geochemical processes are highly dependent upon pH, it is a commonly 
measured parameter. Most healthy natural systems exhibit circum-neutral pH (around 7), 
though pH can be highly variable spatially and temporally, depending on local biological activity 
and redox-reactions. Because pH is related to many processes, and controls so many 
geochemical and biological reactions, it is generally used as an indicator of aquatic health or to 
understand how processes change over various time scales. In particular, low or high pH values 
are known to have harmful effects on aquatic life, including poor survival, reproduction, and 
eventual mortality. In addition to direct biological effects, low pH strongly controls the mobility 
of many metals that are considered toxic to human and ecological health. In Spring Lake, 
because the water is derived from a karst aquifer, and the water is highly buffered against pH 
changes by abundant bicarbonate, pH is expected to be between 7.0 and 8.0. This is the case at 
all the spring openings. Apparent step-wise changes in pH data (Figure 2.13) are the result of 



69 

 

instrument drift and calibration offsets. In general, pH is not a highly useful parameter for 
determining sensitivity to local and regional changes in recharge, especially in well-buffered 
systems such as the Edwards Aquifer where waters are at, near, or supersaturated with respect 
to calcite. 
 
At the Slough Arm site, pH was usually slightly higher than at the spring openings (Figure 2.14). 
This is typical of setting where high densities of algae and aquatic plants consumes CO2 from 
the water column faster than it can be replenished through diffusion from the atmosphere or 
through respiration and decay. The Slough Arm is generally shallow and clogged with a variety 
of floating or rooted aquatic vegetation, as well as algae.  

   

0

50

100

150

200

250

300

6.0

6.5

7.0

7.5

8.0

8.5

9.0

6/15/10 12/14/10 6/15/11 12/14/11 6/14/12 12/13/12
D

is
ch

ar
ge

 [
cf

s]

p
H

pH

Deep Cream of Wheat

Diversion Crater Bottom

Hotel Discharge

  
Figure 2.13. Continuous pH data for the spring sites during the study interval. Discharge at the 
USGS San Marcos River site is also shown. Sharp drops or offsets in pH are due to drift and 
subsequent instrument calibration on 4-week intervals. Sudden spikes in discharge are related 
to storm events that caused stormwater runoff. Longer term increases in discharge are related 
to increases in groundwater discharge resulting from increased recharge to the Edwards Aquifer 
after single storm events and rainy periods. 
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Figure 2.14. Continuous pH data for the Slough Arm Site during the study interval. Discharge at 
the USGS San Marcos River site is also shown. Some of the sharp drops or offsets in pH are due 
to drift and subsequent instrument calibration on 4-week intervals, while others are due to 
environmental changes. In general, pH is higher in the Slough Arm than in the Spring sites 
because of aquatic plant consumption of CO2. Sudden spikes in discharge are related to storm 
events that caused stormwater runoff. Longer term increases in discharge are related to 
increases in groundwater discharge resulting from increased recharge to the Edwards Aquifer 
after single storm events and rainy periods. 

2.3.5 Turbidity 

 
Turbidity is an approximate measure of the Total Suspended Solids (TSS) load in a water 
column. In general, turbidity is much higher in surface waters than in ground waters, and this is 
the case in Spring Lake where ground waters consistently have very low turbidity (Figure 2.15) 
while the Slough Arm site clearly responds to storm event-generated turbidity (Figure 2.16) and 
generally exhibits higher turbidity than the groundwater. As with some of the other 
parameters, turbidity revealed spring responses to storm events that, again, are likely the result 
of rapid local recharge reaching the spring openings.  No long-term changes in turbidity were 
observed. Higher values of turbidity at Crater Bottom Spring are due to fine limestone sediment 
constantly being flushed out of the spring and clogging the sensor, which produces a faulty 
reading for turbidity. 
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In the Slough Arm, Turbidity (followed by SpC and temperature) was parameter most 
responsive to surface water inputs. These inputs consisted of runoff from storm events, which 
were generally quite turbid, and their effect on water clarity is clearly resolved in Figure 2.16. 
Even small rain events that caused no appreciable increase in discharge in the San Marcos River 
resulted in increased turbidity in the Slough Arm, which indicates that this part of Spring Lake is 
very sensitive to runoff from the surrounding urban environment. Small increases in turbidity 
are caused by local urban runoff along Post Road and Aquarena Drive, while several of the 
larger storm events include runoff and TSS from a larger urban area that drains into Sink Creek 
on the northwestern side of San Marcos. 
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Figure 2.15. Continuous turbidity data for spring sites during the period of study. Discharge at 
the USGS San Marcos River site is also shown. In general, turbidity is extremely low at all the 
spring sites. However, Crater Bottom spring does exhibit higher turbidity. This is due to the face 
that this spring keeps carbonate sand in suspension under certain flow conditions. In some 
cases, that sand clogs the turbidity sensor, which results in very high turbidity values. In reality, 
turbidity in all the springs was at or near zero during the entire period of record.  Sudden spikes 
in discharge are related to storm events that caused stormwater runoff. Longer term increases 
in discharge are related to increases in groundwater discharge resulting from increased 
recharge to the Edwards Aquifer after single storm events and rainy periods. 
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Figure 2.16. Continuous turbidity data for the Slough Arm Site during the period of study. 
Discharge at the USGS San Marcos River site is also shown. In general, turbidity is much higher 
than at the spring sites, and is highly correlated with precipitation events, even ones which 
caused little to no measurable increase in discharge at the San Marcos River gaging station. The 
highest turbidity values were recorded during the largest storm event in January, 2012. Sudden 
spikes in discharge are related to storm events that caused stormwater runoff. Longer term 
increases in discharge are related to increases in groundwater discharge resulting from 
increased recharge to the Edwards Aquifer after single storm events and rainy periods. 

2.4 Routine Sampling  
 

Routine sampling was performed to completely characterize nutrient and TSS concentrations in 
Spring Lake. Sample sites originally included several surface water sites, and were later 
expanded to include groundwater samples at the five continuous monitoring sites. Samples 
were collected every 2-3 weeks at each of the five spring openings, at four sites in Spring Lake, 
and one site in the San Marcos River just below the falls at the old mill building (Table 2.1). The 
first samples were collected on August 12, 2011, and the last on September 17, 2012. 
Depending on parameter and site, between 11 and 27 samples were collected for each 
site/parameter combination. Table 2.2 presents a summary of the 1524 individual analyses 
performed on 269 different samples from the 10 different Routine Sampling Sites.  
 
Samples were collected in bottles provided by the Edwards Aquifer Research and Data Center 
(EARDC) lab, and were immediately placed on ice in a cooler after collection. At surface sites, 
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Table 2.2. Summary table of all routine water quality samples showing number of samples 
analyzed (N), mean, standard deviation, maximum, minimum, and LOQ values for each analyte.  

Site Name SLOC Parameter N Mean LOQ Std Dev Max Min Units
Slough Arm at Bridge 15496 Ammonia, Nitrogen 22 0.19 0.40 0.12 0.40 0.10 mg/L

Hotel Spring 20910 Ammonia, Nitrogen 22 0.19 0.40 0.13 0.50 0.10 mg/L

Deep Hole Spring 20911 Ammonia, Nitrogen 22 0.19 0.40 0.12 0.40 0.10 mg/L

Diversion Spring 20912 Ammonia, Nitrogen 22 0.31 0.40 0.59 2.91 0.10 mg/L

Cream of Wheat Springs 20913 Ammonia, Nitrogen 22 0.19 0.40 0.12 0.40 0.10 mg/L

Crater Bottom Spring 20914 Ammonia, Nitrogen 22 0.20 0.40 0.12 0.40 0.10 mg/L

Lake Slough Arm at Wetland Walk 20920 Ammonia, Nitrogen 22 0.19 0.40 0.12 0.40 0.10 mg/L

Lake Spring Arm at Sub Theater 20921 Ammonia, Nitrogen 21 0.19 0.40 0.13 0.40 0.10 mg/L

Lake Above Falls at Old Mill 20922 Ammonia, Nitrogen 22 0.21 0.40 0.15 0.60 0.10 mg/L

San Marcos River 50m below Falls 20923 Ammonia, Nitrogen 22 0.20 0.40 0.15 0.61 0.10 mg/L

Slough Arm at Bridge 15496 Escherichia coli 11 66.64 1.00 92.41 328.00 2.00 MPN/100 mL

Hotel Spring 20910 Escherichia coli 11 1.00 1.00 0.00 1.00 1.00 MPN/100 mL

Deep Hole Spring 20911 Escherichia coli 11 1.00 1.00 0.00 1.00 1.00 MPN/100 mL

Diversion Spring 20912 Escherichia coli 11 2.55 1.00 2.81 9.00 1.00 MPN/100 mL

Cream of Wheat Springs 20913 Escherichia coli 11 3.18 1.00 3.16 11.00 1.00 MPN/100 mL

Crater Bottom Spring 20914 Escherichia coli 11 1.09 1.00 0.30 2.00 1.00 MPN/100 mL

Lake Slough Arm at Wetland Walk 20920 Escherichia coli 11 24.45 1.00 26.61 81.00 2.00 MPN/100 mL

Lake Spring Arm at Sub Theater 20921 Escherichia coli 11 6.00 1.00 4.10 15.00 1.00 MPN/100 mL

Lake Above Falls at Old Mill 20922 Escherichia coli 11 11.27 1.00 6.78 25.00 4.00 MPN/100 mL

San Marcos River 50m below Falls 20923 Escherichia coli 11 11.18 1.00 4.53 20.00 6.00 MPN/100 mL

Slough Arm at Bridge 15496 Nitrate+Nitrite, Nitrogen 22 0.39 0.06 0.27 1.37 0.13 mg/L

Hotel Spring 20910 Nitrate+Nitrite, Nitrogen 22 1.12 0.06 0.12 1.44 0.95 mg/L

Deep Hole Spring 20911 Nitrate+Nitrite, Nitrogen 22 1.56 0.06 0.31 1.80 0.23 mg/L

Diversion Spring 20912 Nitrate+Nitrite, Nitrogen 22 1.22 0.06 0.11 1.40 1.04 mg/L

Cream of Wheat Springs 20913 Nitrate+Nitrite, Nitrogen 22 1.19 0.06 0.12 1.51 1.03 mg/L

Crater Bottom Spring 20914 Nitrate+Nitrite, Nitrogen 22 0.99 0.06 0.13 1.27 0.86 mg/L

Lake Slough Arm at Wetland Walk 20920 Nitrate+Nitrite, Nitrogen 22 0.55 0.06 0.34 1.30 0.10 mg/L

Lake Spring Arm at Sub Theater 20921 Nitrate+Nitrite, Nitrogen 21 1.22 0.06 0.16 1.62 0.99 mg/L

Lake Above Falls at Old Mill 20922 Nitrate+Nitrite, Nitrogen 22 1.39 0.06 0.09 1.68 1.27 mg/L

San Marcos River 50m below Falls 20923 Nitrate+Nitrite, Nitrogen 22 1.40 0.06 0.23 2.35 1.06 mg/L

Slough Arm at Bridge 15496 Phosphorus, ortho 22 0.05 0.05 0.01 0.08 0.05 mg/L

Hotel Spring 20910 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Deep Hole Spring 20911 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Diversion Spring 20912 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Cream of Wheat Springs 20913 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Crater Bottom Spring 20914 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Lake Slough Arm at Wetland Walk 20920 Phosphorus, ortho 22 0.06 0.05 0.02 0.13 0.05 mg/L

Lake Spring Arm at Sub Theater 20921 Phosphorus, ortho 21 0.05 0.05 0.00 0.05 0.05 mg/L

Lake Above Falls at Old Mill 20922 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

San Marcos River 50m below Falls 20923 Phosphorus, ortho 22 0.05 0.05 0.00 0.05 0.05 mg/L

Slough Arm at Bridge 15496 Total Kjeldahl Nitrogen 22 0.30 0.40 0.12 0.50 0.10 mg/L

Hotel Spring 20910 Total Kjeldahl Nitrogen 22 0.24 0.40 0.13 0.41 0.10 mg/L

Deep Hole Spring 20911 Total Kjeldahl Nitrogen 22 0.22 0.40 0.12 0.41 0.10 mg/L

Diversion Spring 20912 Total Kjeldahl Nitrogen 22 0.24 0.40 0.12 0.41 0.10 mg/L

Cream of Wheat Springs 20913 Total Kjeldahl Nitrogen 22 0.25 0.40 0.11 0.41 0.10 mg/L

Crater Bottom Spring 20914 Total Kjeldahl Nitrogen 22 0.25 0.40 0.12 0.50 0.10 mg/L

Lake Slough Arm at Wetland Walk 20920 Total Kjeldahl Nitrogen 22 0.35 0.40 0.16 0.90 0.10 mg/L

Lake Spring Arm at Sub Theater 20921 Total Kjeldahl Nitrogen 21 0.23 0.40 0.11 0.41 0.10 mg/L

Lake Above Falls at Old Mill 20922 Total Kjeldahl Nitrogen 22 0.26 0.40 0.12 0.50 0.10 mg/L

San Marcos River 50m below Falls 20923 Total Kjeldahl Nitrogen 22 0.27 0.40 0.13 0.60 0.10 mg/L
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Table 2.2 cont. Summary table of all routine water quality samples showing number of 
samples analyzed (N), mean, standard deviation, maximum, minimum, and LOQ values for each 
analyte.  

Site Name SLOC Parameter N Mean LOQ Std Dev Max Min Units
Slough Arm at Bridge 15496 Total Phosphorus 27 0.05 0.05 0.01 0.10 0.05 mg/L

Hotel Spring 20910 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

Deep Hole Spring 20911 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

Diversion Spring 20912 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

Cream of Wheat Springs 20913 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

Crater Bottom Spring 20914 Total Phosphorus 27 0.05 0.05 0.00 0.07 0.05 mg/L

Lake Slough Arm at Wetland Walk 20920 Total Phosphorus 27 0.06 0.05 0.03 0.17 0.05 mg/L

Lake Spring Arm at Sub Theater 20921 Total Phosphorus 26 0.05 0.05 0.00 0.05 0.05 mg/L

Lake Above Falls at Old Mill 20922 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

San Marcos River 50m below Falls 20923 Total Phosphorus 27 0.05 0.05 0.00 0.05 0.05 mg/L

Slough Arm at Bridge 15496 Total Suspended Solids 27 4.90 2.50 6.27 26.00 2.20 mg/L

Hotel Spring 20910 Total Suspended Solids 27 2.50 2.50 0.00 2.50 2.50 mg/L

Deep Hole Spring 20911 Total Suspended Solids 27 2.50 2.50 0.00 2.50 2.50 mg/L

Diversion Spring 20912 Total Suspended Solids 27 2.53 2.50 0.11 3.00 2.50 mg/L

Cream of Wheat Springs 20913 Total Suspended Solids 27 2.93 2.50 1.40 9.00 2.50 mg/L

Crater Bottom Spring 20914 Total Suspended Solids 27 15.54 2.50 52.86 277.00 2.50 mg/L

Lake Slough Arm at Wetland Walk 20920 Total Suspended Solids 27 3.83 2.50 2.80 12.00 0.80 mg/L

Lake Spring Arm at Sub Theater 20921 Total Suspended Solids 26 2.50 2.50 0.00 2.50 2.50 mg/L

Lake Above Falls at Old Mill 20922 Total Suspended Solids 27 2.50 2.50 0.02 2.60 2.50 mg/L

San Marcos River 50m below Falls 20923 Total Suspended Solids 27 2.50 2.50 0.00 2.50 2.50 mg/L

   
bottles were rinsed three times each with sample water prior to collecting a final sample. For 
the sites at the spring openings under Spring Lake, samples were collected by divers using 
SCUBA equipment. Bottles were filled with water at the surface prior to diving to minimize 
issues with buoyancy control and bottle collapse at depth. At each spring opening, the sample 
bottle was purged with air from the SCUBA tank and refilled with water directly from the 
opening. This was done three times prior to the final sample collection. 
 
After all samples were collected, the cooler and samples were delivered to EARDC where chain 
of custody was completed and the lab proceeded to analyze the samples. 

2.4.1 Spring Samples 

 
For all analytes, concentrations were low or below the limit of quantitation (LOQ) in most of the 
routine samples collected at spring openings, and showed very little variability. One exception 
is Crater Bottom Spring where TSS levels were consistently higher than the other springs. This is 
due to the fact that the spring discharge keeps a plume of limestone sand in suspension at the 
opening, but the spring is not actually discharging turbid water. In this case, the actual TSS 
values are very similar to the other spring openings, which is below detection of 2.5 mg/L. 

2.4.2 Lake and Slough Arm Samples 

 
Analyte concentrations were generally low in the routine samples collected from the Slough 
Arm, Spring Lake, and San Marcos River sites. However, concentrations at these sites were 
different from the spring samples. For example, E. coli was higher in all routine surface water 
samples than in routine groundwater samples. Under normal hydrologic conditions (i.e., not 
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during or after a storm), and in a system without contamination from leaking wastewater or 
septic infrastructure, this is to be expected because of E. coli contributions by terrestrial and 
aquatic wildlife that live in and near surface water systems, and NPS or point source 
contributions. If a groundwater system such as the Edwards Aquifer is contaminated directly by 
wastewater through rapid recharge of surface waters or a nearby source (i.e., leaking sewer 
main or septic system), then E. coli levels would be expected to increase in the groundwater. 
Nitrate+Nitrite, Nitrogen concentrations were lower in the Slough Arm sites when compared to 
spring water, due to increased microbial and biological activity. However, the San Marcos River 
and Spring Arm sites had Nitrate+Nitrite, Nitrogen levels that were very similar to levels in the 
springs. This is because these sites are dominated by spring waters and the Slough Arm tends to 
behave more like an isolated pond with little spring water influence, unless a recent storm 
contributes overland flow. 

2.5 Targeted Sampling 
 

2.5.1 Stormflow Sampling 
 
In this study, targeted sampling was performed to sample surface waters during storm events. 
Three sites were instrumented with ISCO automated samplers equipped with Liquid Level 
Sensors (Sink Creek Lime Kiln Crossing (20916), Sink Creek flood retention dam (20917), and 
Sink Creek at Fulton Ranch Road Crossing (20918)). Sink Creek is normally a dry streambed 
because it lies over the Recharge Zone for the Edwards Aquifer. During the period of study, only 
one of these sites experienced significant overland flow during storm events. The Sink Creek 
Lime Kiln Crossing site had flowing water two times: once on March 20, 2012 and a second time 
on May 11, 2012.  
 
The Fulton Ranch Road Crossing site on Sink Creek did flow during one storm event on May 11, 
2012. However, despite checking the instrumentation prior to the storm, wild hogs damaged 
the equipment the day before the storm and rendered it inoperable during the storm. Only one 
sample was collected by hand during that event. Later field work revealed that even though 
there was substantial flow at the road crossing (>50 cfs discharge), all the water sank into 
recharge features before reaching the floodwater retention dam on the Texas State Freeman 
Ranch.  
 
Our observations, and anecdotal evidence, suggest that the Fulton Ranch Road Crossing site 
only flows, on average, one or two times per year, and that the site at the flood control 
structure only flows once or twice every 10 years. Regardless of the frequency, neither site will 
flow without very heavy rainfall (>15 cm, or 5.9 in), or moderate to heavy rainfall (> 10 cm, or 
3.9 in) after abnormally wet antecedent conditions. The last time that the flood retention site 
experienced flow was after a very heavy rainfall of between 10 and 20 cm (3.9 and 7.9 in) 
throughout the watershed, and after one of the wettest periods on record in Central Texas in 
2007.  
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During the May 11, 2012 storm, substantial flow in Sink Creek passed the Limekiln Road 
Crossing site (Figure 2.17) and was sampled by the ISCO sampler. All of this flow was derived 
from relatively local runoff occurring downstream from the lowest floodwater retention 
structure on Sink Creek (on the north edge of San Marcos). Field evidence suggests that the 
majority of the runoff is derived from residential areas in the northern portion of the City of San 
Marcos from neighborhoods along and near North LBJ Street. This was confirmed by walking 
the streamways before and immediately after storms.  
 
Due to the scarcity of storm events that produced enough runoff to overcome the recharge 
capacity of the Sink Creek dry channel, and flood waters on roads preventing access to the site, 
only one discharge measurement could be made. This prevented us from developing a reliable 
stage-discharge rating curve to measure discharge. The one discharge measurement that was 
made at moderate flow levels (22 cfs at 63 cm stage), combined with automatically collected 
stage data, suggest that discharge at this site likely exceeded 50 cfs at peak flows on May 11, 
2012. Data were never collected when flows were high enough that they could compromise the 
safety of monitoring teams. 

2.5.2 Stormflow Water Quality 

 
Stormflow samples were collected at the Sink Creek Limekiln Crossing site to measure nutrient, 
E. coli, and TSS concentrations during the storm events in March and May. Samples were 
collected at hourly intervals for both storm events, and were immediately transported to the 
Edwards Aquifer Research and Data Center for analysis. At site 20916, the most elevated NPS 
load measured were Total Suspended Solids (TSS) and E. coli. E. coli was consistently above the 
maximum count value (>2419 MPN/100mL), so it was not possible to monitor a rise and fall in 
counts as a storm pulse passed. TSS did rise and fall over both monitored storm pulses (Figures 
2.18-19), and varied in concentration between storm events. Differences in concentrations for 
any storm event are due in large part to variations in precipitation amount and intensity, as well 
as antecedent conditions. 
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Figure 2.17. Continuous stage data for Sink Creek at the Limekiln Road Crossing site (20916) 
during the May 11-12, 2012 storm event. Note that a substantial amount of water is impounded 
for several days after a flow event at this site. This was unexpected as there are no obvious 
obstructions downstream from the crossing. Subsequent field work indicates that debris 
accumulation and topography several hundred feet downstream from the site are causing 
temporary impoundment. The break in slope (decline in water level) in the figure is correlated 
with the transition from flowing storm waters to impounded conditions under which infiltration 
and evaporation dominate. 
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Figure 2.18. Hourly TSS data at the Limekiln Road Crossing site (20916) for Sink Creek during the 
May 11-12, 2012 storm event.  Time scale is the same as in Figure 2.17 for comparison.  
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Figure 2.19. Hourly TSS data at the Limekiln Road Crossing site (20916) for Sink Creek during the 
March 20, 2012 storm event.  Note that the peak concentration during this storm event is 
substantially lower than in the May event, likely due to wetter antecedent conditions in March. 
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Aside from TSS and E. coli, none of the other analyzed nutrients exhibited distinct pulses during 
either of the storm flows. However, data are different from spring water samples in several 
ways (Table 2.3). Measures of phosphorus (Ortho-phosphorus and Total Phosphorus) were both 
detectable and elevated relative to spring waters, which were consistently below detection. 
Total Kjeldahl Nitrogen was also elevated relative to groundwater samples. Nitrate+Nitrite, 
Nitrogen in storm water was slightly lower than groundwater concentrations. Ammonia in 
storm water was similar to groundwater concentrations. 
 
Table 2.3 Summary table of all stormwater quality samples showing number of samples 
analyzed (N), mean, standard deviation, maximum, minimum, and LOQ values for each analyte.  
Note that data for E. coli during the March 2012 storm are not available due to thelab not being 
accredited for the parameter on that date.  

Parameter Date N Mean LOQ Std Dev Max Min Units

Ammonia, Nitrogen 3/20/2012 24 0.18 0.4 0.12 0.5 0.1 mg/L

Ammonia, Nitrogen 5/10/2012 12 0.11 0.4 0.03 0.2 0.1 mg/L

Escherichia coli 5/10/2012 12 >2419 1 NA NA NA MPN/100 mL

Nitrate+Nitrite, Nitrogen 3/20/2012 24 0.65 0.06 0.07 0.81 0.55 mg/L

Nitrate+Nitrite, Nitrogen 5/10/2012 12 0.89 0.06 0.10 1.14 0.79 mg/L

Phosphorus, ortho 3/20/2012 24 0.27 0.05 0.04 0.35 0.21 mg/L

Phosphorus, ortho 5/11/2012 12 0.19 0.05 0.04 0.25 0.12 mg/L

Total Kjeldahl Nitrogen 3/20/2012 24 0.74 0.4 0.15 1.1 0.5 mg/L

Total Kjeldahl Nitrogen 5/11/2012 12 0.69 0.4 0.28 1.4 0.5 mg/L

Total Phosphorus 3/20/2012 24 0.50 0.05 0.07 0.63 0.38 mg/L

Total Phosphorus 5/11/2012 12 0.41 0.05 0.09 0.66 0.31 mg/L

Total Suspended Solids 3/20/2012 24 40.13 2.5 19.16 109 20 mg/L

Total Suspended Solids 5/11/2012 12 228.42 2.5 108.87 451 39 mg/L  
 
Highly elevated levels of TSS and E. coli, by themselves, do not represent the complete NPS load 
to Spring Lake. Although metals and fecal coliform were not specifically measured, elevated 
levels of TSS and E. coli are known to be correlated with elevated metal and fecal coliform 
concentrations, and it is likely that these relationships also exist in the Spring Lake watershed. 

2.6 Summary and Conclusions 
 
Continuous monitoring of field parameters has shown that all the monitored springs respond to 
local storms as well as regional-scale changes in aquifer level and spring discharge. This 
evidence suggests that the San Marcos Springs and the Edwards Aquifer are vulnerable to NPS 
and point source contamination from both local and distant sources. 
 
Routine sampling in the San Marcos River and at several discrete spring openings in Spring Lake 
show that water quality is generally very good, with low levels and variability in concentrations 
of NPS nutrients and contaminants, but that storm events rapidly and negatively influence 
water quality at all sites. 
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Compared to surface waters and the Slough Arm, waters from San Marcos Springs show 
relative stability in analyzed and measured values for all measured parameters. On an annual 
scale, the largest source of variability, as well as the highest concentrations of measured NPS 
pollutants, is due to stormwater entering the Spring Lake system. Targeted sampling during 
storms captured the effects of local urban runoff, which contributes to high levels of TSS, 
nutrients, and other contaminants, and affects the Slough Arm of Spring Lake for longer periods 
than in the Spring Arm. This is because sediment and nutrient rich stormwaters stagnate in the 
Slough Arm after storm events. 
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3.0 Identification of Causes and Sources of Pollution and Estimation of 
Pollutant Loads 
 

The purpose of this portion of report is to present information on calculated estimates of 
hydrological inputs, and sediment, nutrient, and bacteria loadings from the Sink Creek 
watershed to Spring Lake.  Specifically, this report covers activities related to Objective 8 of the 
Scope of Work (SOW) (Tasks 8.2 through 8.5).  In addition, this report represents Objectives 9 
and 10 of the SOW in that this is a report providing the information, results, and analyses from 
the activities outlined in Objective 8.  In this report, we provide the information on our 
estimated annual water yield from the Sink Creek Watershed to Spring Lake and the calculated 
nonpoint source pollution loads from different land use types in the Sink Creek watershed using 
literature-based Event Mean Concentrations (EMCs). 

In this portion of the Spring Lake Project, we estimated the loading of various NPS constituents 
including nutrients, heavy metals, and bacteria to Spring Lake and the local groundwater pool 
from the Sink Creek watershed.  We also estimated the proportional loading of these NPS 
constituents from the various LULC types within the Sink Creek watershed.  In general, we 
found that magnitude of the loads from the Sink Creek watershed to Spring Lake and the local 
groundwater from the various land use-land cover (LULC) types were largely a function of the 
proportion of each LULC type within the watershed.  However, residential areas, while being a 
relatively small portion of the watershed, had a somewhat greater than expected contribution 
to the loads of several NPS constituents.  In addition, the results from calculations of per-acre 
NPS yield from the different land use types indicates that the dominant land use types in the 
watershed (Undeveloped/Open land use and to some extent Rangeland) generally had lower 
nutrient, bacterial, and metal yields than land uses associated with more intensely human 
impacted land uses (Residential, Commercial, Cropland, and Industrial land uses).  This implies 
that conversion of land from the former to the latter type of LULC will result in an increase in 
contaminant loads to the aquifer and river. These findings provide a foundation for designing 
and implementing LULC-specific management measures to preserve or improve the current 
water quality of Spring Lake and the Upper San Marcos River and to reduce NPS pollutant loads 
from future human activities in the watershed.  Finally, this work is an initial characterization of 
the potential loads from the Sink Creek watershed that can be used in the future Upper San 
Marcos River Watershed Protection Plan.   

3.1  General Watershed Information and Issues in the Upper San Marcos 
River 
 

Spring Lake is the headwaters of the San Marcos River where artesian spring water emerges 
into the lake from >200 spring openings; this spring system is the second most hydrologically 
productive in the state.  Water from these springs originates from the Edwards Aquifer (Figure 
3.1).  The Edwards Aquifer is a large, complex limestone karst aquifer spanning a substantial 
portion of the central Texas region.  A more detailed discussion of the flow paths of Edwards 
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Aquifer waters to Spring Lake is provided in the Spring Lake Watershed Initial Characterization 
portion of this report.     

 

 

 

Figure 3.1.  The Upper San Marcos River Watershed and its four main sub-basins - Sink Creek, 
Sessom Creek, Purgatory Creek, and Willow Creek.  The upper most contributing sub-basin (Sink 
Creek) enters the San Marcos River near the headwater artesian springs located in Spring Lake. 
The City of San Marcos is shown in the south eastern corner of the map. Note that these 
watershed boundaries are only for surface drainage, and that they do not define the much 
larger groundwatershed contributing flow to San Marcos Springs. 

Although Spring Lake receives most of its annual hydrological inputs from groundwater sources, 
Sink Creek discharges into the Slough Arm of the lake.  Flows from Sink Creek originate more 
than 15 stream miles upstream to the northwest near the city of Wimberley.  Much of the time, 
Sink Creek is dry and experiences little to no flow.  However, during strong rain events or in 
relatively wet years (e.g., El Niño years), Sink Creek flows and appears to discharge substantial 
loads of sediments and nutrients into Spring Lake and the upper river.  As the name implies, 
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water in the creek also “sinks” and presumably provides some recharge to local groundwater 
sources (Johnson and Schindel 2008).  However, the extent of this groundwater recharge from 
the creek is not known.  There are also several flood retention structures (dams) upstream from 
Spring Lake on Sink Creek, with the largest of these structures located on Freeman Ranch.  
Presumably, these flood retention structures also provide some opportunity for surface waters 
to recharge the aquifer.   

Typically, the strong spring water influence on Spring Lake and the upper San Marcos, the 
upper river exhibits high water quality with low turbidity, low suspended sediment loads, and 
low phosphorus (P) concentrations.  Spring Lake and the upper San Marcos River have recently 
experienced increased turbidity and declines in water quality rainfall events, presumably from 
inputs by Sink Creek.  However, the relative pollutant load contributions of these ground- and 
surface water sources to Spring Lake and the upper San Marcos River currently remain 
unknown.   

The purpose of this report is to present information on calculated estimates of hydrological 
inputs, and sediment, nutrient, and bacteria loadings from the Sink Creek watershed to Spring 
Lake.  Specifically, this report covers activities related to Objective 8 of the Scope of Work 
(SOW) (Tasks 8.2 through 8.5).  In addition, this report represents Objectives 9 and 10 of the 
SOW in that this is a report providing the information, results, and analyses from the activities 
outlined in Objective 8.  In this report, we provide the information on our estimates annual 
water yield from the Sink Creek Watershed top Spring Lake and the calculated nonpoint source 
pollution loads from land use types in the Sink Creek watershed using literature-based EMCs.  
The analyses in this report will be presented to the Upper San Marcos Coordinating Committee 
for review and comment.  Ultimately, the goal of the activities reported here are to identify 
potential causes and sources, or groups of similar sources of NPS loading that may need to be 
controlled to achieve the load reductions estimated in the Sink Creek watershed. 

3.2  Causes and Sources of Pollution and Estimation of Loads 
 

3.2.1 Pollution Inputs to Aquatic Systems 
 

A pollutant is defined as a substance that is present in concentrations that may cause harm to 
plants and animals (including humans) or exceed an environmental quality standard (United 
Nations 1997).  Point sources of pollution to a waterbody are defined as individual, identifiable 
sources such as the effluent from an industrial outfall or the discharge from a wastewater 
treatment plant.  Point sources of pollutants are regulated under State of Texas law and the 
Federal Clean Water Act and are therefore subject to permit requirements.  Permitted point 
sources have specific effluent limits, monitoring requirements, and enforcement mechanisms.  
Within the Spring Lake/Sink Creek watershed there are no identified point sources of pollution, 
thus, there are currently no concerns about loading from these kinds of sources to the Spring 
Lake and the headwaters of the San Marcos River. 
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In contrast to a point source of pollution, NPS pollution is not associated with known individual 
sources.  Nonpoint source pollution inputs to a waterbody are associated with diffuse 
contributions to the site of interest, such as nitrogen (N) inputs through atmospheric deposition 
(Vitousek 1998).  Pollutants associated with hydrologic inputs (e.g., nutrients, bacteria, and 
sediments carried in water) are the most common nonpoint sources.  However, the pollutant 
loads to a waterbody from nonpoint sources can exhibit substantial temporal and spatial 
variability.  As such, NPS loads to a waterbody can be a function of human activity and/or the 
naturally-occurring background pollution.   

In the upper San Marcos River Watershed, NPS pollution is a substantial source of concern due 
to multiple anthropogenic activities in the watershed, including land use intensity and land use 
patterns, and alteration the hydrologic regime.  In the Sink Creek watershed, NPS inputs from 
changing land use patterns (e.g., an increase in urban land use and impervious surface) and 
alteration of the hydrologic regime (e.g., changes in the timing and magnitude of hydrologic 
inputs) are likely to play an important role in determining nutrient and sediment NPS loads to 
Spring Lake.  In particular, exports of nutrients such as N and phosphorus (P), sediments, and 
bacteria from surrounding landscapes can have substantial impacts on the water quality and 
subsequent suitability of waters as recreational resources, drinking water sources, and quality 
habitat for organisms.   Given the high water quality in Spring Lake and the Upper San Marcos 
River (Groeger et al. 1997), determination of the potential sources of NPS constituents in the 
watershed and the magnitudes of the externally-derived loads these constituents are critical for 
future protection and management of the ecosystem.   

Two landscape types that are frequently associated with NPS pollution are urban- and 
residential- dominated areas and agriculture-dominated areas.  Urban and residential NPS 
pollution is often associated with surface runoff containing increased suspended and dissolved 
solids, nutrients, metals, bacteria, biological and chemical oxygen demand, petroleum-derived 
hydrocarbons, herbicides, and pesticides.  Nonpoint pollution sources in landscapes dominated 
by these land use types can include vehicles, construction, fertilizer and pesticide application, 
erosion, animal wastes, and local atmospheric deposition.  In addition, low-density residential 
areas that do not utilize waste water service (i.e., sewer service) will have on-site sewage 
facilities (OSSF’s; septic systems).  These systems, if not properly installed or maintained, can 
contribute NPS loadings of bacteria.  Nonpoint source pollutant loads from agricultural 
landscapes include suspended and dissolved solids, nutrients, herbicides, pesticides, and animal 
wastes.  All of these NPS constituents from urban/residential- and agriculture-dominated 
landscapes can be transported in solution, suspended in surface runoff, or adsorbed on soil 
particles.  In the Sink Creek watershed (and the Upper San Marcos River watershed), 
residential, urban, and agricultural NPS issues are likely to be the most relevant.  

In the Spring Lake watershed, the intimate connectivity between surface- and ground-water 
likely makes any NPS loading to waters within the recharge zone in the Edwards Aquifer 
relevant to the NPS dynamics in Spring Lake.  Urban and agricultural development, septic 
systems, irrigation systems, fertilizer, herbicide, and pesticide application, and leaking 
petroleum storage tanks within this larger defined area have potential to affect NPS loads to 
Spring Lake. Changes in the intensity and composition of LULC practices in the larger recharge 
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area will increase the potential for water quality impairment and may place further strain on 
groundwater inputs to the lake by the lowering of aquifer levels through groundwater 
extraction.  

3.2.2  Nonpoint Source Pollution Loading 
 

Estimation of pollutant loads from surrounding landscapes to a water body and from upstream 
to downstream points within a flowing water system is an extremely insightful process that can 
be critical for the identification of sources and types of NPS pollution.  Estimated pollutant 
loads can then be used as a basis for understanding which portions of a watershed or specific 
practices within a watershed need to be further examined or managed.   Spring Lake and the 
USMR are considered to exhibit relatively high water quality (see the Spring Lake Watershed 
Initial Watershed Characterization section for a review of existing water quality data), but the 
influence of the Sink Creek watershed on loads of nutrients, sediments, and bacteria has not 
been examined.  As a part of the Spring Lake Watershed Characterization Project, empirical 
data on nutrient, suspended sediment and bacteria loads from the Sink Creek watershed to 
Spring Lake are being collected and will be presented in subsequent reports.  For this report, we 
utilize an approach in which we estimate the potential load of various pollutants (i.e., nutrients, 
sediments and bacteria) from the Sink Creek watershed to Spring Lake using calculated surface 
water runoff and aquifer recharge, literature-based values of pollutant concentrations, LULC 
patterns in the watershed, and estimated densities of houses, septic systems, people and 
animals in the watershed.  Other watershed characterizations have utilized similar approaches 
to estimate NPS pollutant loads from watersheds (Berg et al. 2008; RSI 2010).  When this 
analytical approach to determine pollutant loads from a watershed is used, it can be a 
particularly powerful when estimated loads are eventually coupled with empirically-based data 
on actual pollutant loads.  As stated previously, the estimated loads presented here will be 
explicitly coupled with empirical estimates of pollutant loads in subsequent reports. 

3.3  Estimation of Pollutant Sources in the Sink Creek Watershed 
 

For our estimates of pollutant loads from the various LULC types and various potential pollution 
sources in the Sink Creek watershed, we focused on two main groups of pollutants:  (1) 
nutrients and sediments and (2) bacteria.  For calculations of potential loads of nutrients, 
sediments, and bacteria to Spring Lake we used an approach in which we coupled our values for 
LULC types in the Sink Creek watershed to literature-based estimates of concentrations of 
pollutants coming off various LULC types.   For the purposes of our loading estimates, we 
utilized a ‘whole watershed’ approach instead of dividing the watershed into the 
subcatchments.  This decision was made for several reasons.  First, soils in the Sink Creek 
watershed are thin and porous (Battle 1984), leading to potentially rapid losses of surface water 
to the deeper aquifer pool that supplies springs in Spring Lake.  Thus, groundwater-surface 
water interactions are not well known and water from the various portions and subcatchments 
of the watershed are likely mixed to some extent within the larger regional groundwater pool 
that emerges from the lake.  Second, there are likely to be substantial flow losses to 
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groundwater within the stream bed itself, leading to aquifer recharge and mixing of runoff from 
various subcatchments within the watershed.  Third, there are three flood retention structures 
located within the Sink Creek watershed (Figure 3.2) which function as hydrological integration 
points in the watershed.  The flood retention structure farthest downstream in the watershed 
(SI-1 in Figure 3.2) integrates approximately 75% of the watershed area.  Flood retention 
structure SI-2 is the largest in the watershed and integrates the entire western portion of the 
watershed, and structure SI-3 integrates the contributions from the northern Hilliard/Lime Kiln 
Road portion of the watershed.  In addition to these structures retaining surface water during 
times of high runoff, these sites serve as potentially important groundwater recharge sites (e.g., 
Ockerman 2002).  Again, groundwater recharge occurring at these structures, if substantial, can 
lead to some homogenization of the hydrological and pollutant inputs from the various 
subcatchments.  Therefore, we chose to express the hydrological inputs and pollutant loads 
from the entire Sink Creek watershed rather than from smaller scale subcatchments.  

3.3.1  Nutrient and Sediment Loading Methods 
 

A diversity of analytical methods can be used to estimate pollution exports from the various 
LULC categories in watersheds, including several spatially-explicit modeling approaches.  For 
example, the Soil and Water Assessment Tool (SWAT) can be used to model hydrological, 
sediment, and nutrient export from watersheds.  For the purposes of this report, we did not 
utilize a spatially explicit modeling approach (i.e., SWAT) for several reasons.  First, the majority 
of the focus of this project is on the empirical monitoring of inputs from Sink Creek and the 
water quality in Spring Lake.  Second, SWAT modeling can be problematic in the central Texas 
Edwards Aquifer Recharge area because the model does not allow for rapid percolation of 
water to deep aquifer storage (Afinowicz et al. 2005), a potentially important process in the 
Sink Creek watershed.  SWAT assumes that water moving through a soil profile will affect the 
volume of base flow in a stream rather than allowing water to be lost to a deeper regional 
aquifer system without being expressed in local baseflow return (Afinowicz et al. 2005).  As the 
name “Sink Creek” implies, there are substantial hydrologic losses from the creek when flows 
are present.  Finally, a substantial spatially explicit modeling effort will be conducted as a part 
of the future WPP for the Upper San Marcos River watershed.  Therefore, we elected to utilize 
an approach in which we calculated the hydrological exports and potential loads from the 
entire Sink Creek watershed using literature-based estimates of runoff and concentrations of 
pollutants coming off various LULC types.  The approach utilized in this study provides helpful 
preliminary information to stakeholders prior to the development of the larger WPP, 
particularly with regard to potential impacts through land use changes in the watershed and 
any preliminary actions that might be taken to address potential water quality concerns. 
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Figure 3.2.  Major flood retention structures in the Upper San Marcos River Watershed; indicated 

in red. The City of San Marcos is shown in the south eastern corner of the map.  

3.3.2  Estimating Annual Water Yield 
 

We first estimated the annual water yield from the Sink Creek watershed in order to determine 
the amount of water leaving the watershed via channelized flow.  A variety of studies have 
examined water yields in the central Texas region and have concluded that annual water yields 
in creeks range from approximately 5 – 25% percent of mean annual precipitation (Arnold et al. 
1999; Ockerman 2002; Alllen et al. 2005; Afninowicz et al. 2005; Allen et al. 2011).  For this 
report, we selected an annual water yield for surface water of 10% of annual precipitation 
(after Afninowicz et al. 2005).  This value is on the lower end of the range of values in the 
literature, but given the losing stream nature of Sink Creek and the presence of multiple small 
flood retention/recharge structures in the watershed, this estimate is likely to be more relevant 
for the Sink Creek watershed.   

Mean annual precipitation in the Sink Creek watershed is 945 mm per year (0.945 m/yr) (see 
the Spring Lake Watershed Initial Watershed Characterization Report), which yields 9.45 mm of 
precipitation that will end up in the main stream channel.   When mean annual precipitation 
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(0.945 m/yr) is multiplied by watershed area (125,124,956 m2), the result is the total rainfall 
volume deposited on the watershed (118,243,083 m3/yr).  Given a 10% water yield from the 
watershed, then 11,824,308 m3 is potentially exported from the Sink Creek watershed in the 
stream channel on average per year.  We also assumed that approximately 65% of annual 
precipitation was lost from the watershed as evapotranspiration (ET) (Ockerman 2002; 
Afinowicz et al. 2005).  Obviously, there is likely to be substantial year-to-year variation in 
precipitation and thus water yield from the watershed.  In addition, water yield from a 
landscape can vary with drought conditions which affect soil properties and vegetative cover 
(Allen et al. 2011).  Therefore, the water yield value presented here should be viewed as the 
hypothetical water yield from the watershed during an average precipitation year.   

In addition of the water yield of the watershed to the main stream channel, a portion of 
precipitation also ends up being exported to the groundwater pool.  Again, literature estimates 
for the central Texas region on groundwater recharge vary from 6 – 28% of annual 
precipitation, with most estimates around 20-25% (Ockerman 2002; Afinowicz et al. 2005).  
Given the high potential groundwater recharge capacity of the Sink Creek watershed, we 
assumed 25% of annual precipitation ended up as recharge, yielding a mean annual 
groundwater input of 29,560,771 m3/yr.  Of this volume moving into the aquifer, we assumed 
57% of the total volume came from direct infiltration, 36% came from inputs from stream flows 
(stream flow loss inputs) and 7% came from recharge associated with flood retention structures 
(based on estimates from Ockerman 2002).        

The watershed annual water yield estimate was coupled with event mean concentrations 
(EMC) of various NPS pollution constituents from several literature sources (Baird et al. 1996; 
Ockerman et al. 1999; Ockerman 2002; City of Austin 2006).  The EMCs from Baird et al. (1996) 
are not from the central Texas region, whereas the EMCs from Ockerman et al. (1999) and 
Ockerman (2002) are for streams in the central Texas Edwards Aquifer region.  In addition, the 
watersheds in the City of Austin (2006) report EMCs for small watersheds for a variety of LULC 
types, but do not have data for cropland or rangeland LULC types.  Thus, the EMCs from 
Ockerman (1999 and 2002) and the City of Austin (2006) are more likely to be representative of 
the Sink Creek watershed and we primarily utilized these EMCs in calculations.  However, if an 
EMC for a constituent of interest or LULC type was provided by the three aforementioned 
studies, we utilized EMCs from Baird et al. (1996).  Furthermore, both City of Austin (2006) and 
Baird et al. (1996) report bacterial loadings from different LULC types as total fecal coliform.  
Because the focus of this project is on Escherichia coli (E. coli) loading rather than loading of all 
fecal coliform bacteria, we converted fecal coliform densities to E. coli densities by multiplying 
the fecal coliform EMC by 0.63, a commonly used conversion factor used by the TCEQ in 
previous projects.   

Because there is a great deal of potential variability in runoff depths both spatially between 
subwatersheds and temporally between wet and dry years, the goal of this study is to 
characterize the distribution and relative magnitude of NPS loadings across the watershed, 
rather than to provide absolute loadings for any given year. For this analysis we focused on the 
pollutants of primary concern in the Spring Lake/Sink Creek watershed.  The EMCs and their 
literature sources are presented in Table 3.1.  These NPS constituents include various forms of 
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N, P, and sediments.  We also estimated loads of several heavy metals, biological oxygen 
demand (BOD), chemical oxygen demand (COD), and E. coli.   

Table 3.1.  List of NPS constituents used in the loading study, indicating the units and the EMCs for 
the various LULC types.  Specific sources for the EMCs are indicated by the following symbols:  † = 
Ockerman (2002), • = Ockerman et al (1999), * = City of Austin (2006), ‡= Baird et al. (1996), and θ = no 
EMC available and the value is a mean of the EMCs from the other LULC types for this constituent.  Fecal 
coliform EMC values are multiplied by 0.63 to provide E. coli estimates. 

Constituent Units Residential Commecial Industrial Cropland Rangeland Undeveloped/Open

TN mg/L 1.98* 1.93* 1.59* 4.4
‡

0.7
‡

0.9*

TKN mg/L 0.9
§

0.7
§

1.11* 1.7
‡

0.2
‡

1.02
§

Nitrite + nitrate - N mg/L 0.28
†

0.32
†

0.535* 1.6
‡

0.4
‡

0.56
†

Ammonia - N mg/L 0.06
§

0.1
§

0.207* 0.102
θ

0.102
θ

0.0468*

TP mg/L 0.165
§

0.19
§

0.354* 1.3 0.01 0.124
§

TDP mg/L 0.169* 0.203* 0.108* 0.124
θ

0.124
θ

0.03*

TDS mg/L 54
†

52
†

116
‡

1225
‡

245
‡

119
†

TSS mg/L 53
†

114
†

184.92* 107
‡

1
‡

48
†

Total Pb ug/L 15.96* 31.50* 23.2* 1.5
‡

5
‡

3.63*

Total Cd ug/L 0.569* 0.638* 0.73* 1
‡

0
‡

0.534*

Total Cu ug/L 9.98* 11.42* 11.92* 1.5
‡

0
‡

5.04*

Total Zn ug/L 55.50* 135.62* 112.54* 16
‡

6
‡

20.25*

BOD mg/L 11.14* 11.68* 7.04* 4
‡

0.5
‡

3.64*

COD mg/L 55.81* 66.42* 53.92* 57.09
θ

57.09
θ

42.16*

Fecal coliform colonies/100 mL 61252.91* 33912.5* 36057.4* 25852.40
‡

37
θ

16205.6*  

3.3.3 Land Use and Land Cover Analysis   
 

The Land Use-Land Cover (LULC) analysis was performed in the Sink Creek watershed was 
performed as a part of the Spring Lake Watershed Initial Watershed Characterization.  Thus, we 
will briefly discuss them here.  We utilized the National Land Cover Datasets (NLCD) database 
and the LULC data was downloaded from the USGS seamless server 
(http://seamless.usgs.gov/nlcd.php).  NLCD data for the Sink Creek/Spring Lake watershed from 
2006 were projected and clipped and analyzed for the entire watershed.   

http://seamless.usgs.gov/nlcd.php
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Figure 3.3.  Patterns in LULC characteristics in the Sink Creek Watershed across three time 

intervals (1992, 2001, and 2006).  The major LULC types are indicated by the various colors. 

 

 

In general, most of the land within the Sink Creek watershed in 2006 is classified as Forested 
(49.1%) and Grassland/Shrubland (37.7%) (Figure 3.3).  Developed areas constitute a much 
smaller portion of the watershed (11.5%), with Agriculture (1.4%), Water (0.12%) and Barren 
Land (0.08%) composing only a small fraction of the watershed.  Based upon these LULC 
patterns, it can be concluded that the Sink Creek watershed does not exhibit intense human 
development patterns in the watershed. 
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The NLCD data includes a greater number of LULC types than the LULC types provided by the 
literatures-based EMCs (14 versus 7), thus we needed to reduce the number of LULC types from 
the NLCD so that there was concordance in LULC types in the EMC analyses.  Event Mean 
Concentration values were reported for Residential, Commercial, Industrial, Cropland, 
Rangeland, and Undeveloped/Open areas (Table 3.1).  Thus, we assigned all LULC types 
reported by the NLCD into the seven categories for EMCs (Table 3.2).   

Table 3.2.  Conversions of 2006 NLCD LULC types to LULC types given in the list of literature-
based EMCs.  The original NLCD LULC type, the LULC type it was reclassified as, the number of 
m2 in the Sink Creek watershed that were of the LULC type, and the % area in the watershed 
that is in the LULC type are provided.  Percentages add up to 100% of the watershed. 

Original NLCD LULC Classification Reclassified LULC m
2
 in Watershed % of Watershed

Open Water Undeveloped/Open 130,268.31 0.10%

Developed, open space Residential 4,827,114.62 3.86%

Developed, low intensity Residential 804,069.90 0.64%

Developed, medium intensity Commecial 485,137.15 0.39%

Developed, high intensity Industrial 116,792.28 0.09%

Barren Land Undeveloped/Open 52,107.32 0.04%

Deciduous Forest Undeveloped/Open 17,894,373.53 14.30%

Evergreen Forest Undeveloped/Open 50,654,607.03 40.48%

Mixed Forest Undeveloped/Open 55,700.93 0.04%

Shrub/ Scrub Rangeland 29,764,960.81 23.79%

Grassland/Herbaceous Rangeland 19,588,759.94 15.66%

Pasture/Hay Cropland 652,239.94 0.52%

Cultivated Crops Cropland 64,684.95 0.05%

Woody Wetlands Undeveloped/Open 34,139.28 0.03%  

After this conversion of LULC types, the Sink Creek watershed was dominated by 
Undeveloped/Open (55%) and Rangeland (39.4%) LULC types, with Residential (4.5%), Cropland 
(0.57%), Commercial (0.39%), and Industrial (0.09%) LULC types composing a smaller 
percentage of the land cover in the watershed (Table 3.2). 

3.3.4  Calculations for Standardized  Annual Pollution Loads   

 

The mean annual water yield was converted to runoff volume  by converting to meters and 

multiplying by the total area of the watershed.  NPS loadings for each constituent are calculated 
as the sum of EMCs for each land use type multiplied by runoff volume and scaled by the 
relative area of the watershed in each land use type:  

      

 Where  = annual loading of constituent x  
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  = event mean concentration of constituent x from land use type 1  

  = water yield (runoff volume)   

  = percent of watershed area in land use type 1 

The results are then converted to unit loads (per unit area) given the formula: 

                        

Where  = annual unit loading of constituent x (kg/ha/yr) 

  = total area of subwatershed (m2) 

Finally, loading estimates were converted to pounds per acre per year (lbs/acre/year). 

Note that these calculations cannot be used to show how the load per-acre will change if a land 
use is converted from one type to another; they only represent the proportion of the total load 
per year, on a per-acre basis, if the load from a particular land use is averaged over the entire 
watershed area. In the next section of this report (Section 3.5), we explicitly discuss how loads 
will change per-acre on a non-standardized basis, if a land use change occurs. 

3.4  Nonpoint Source Pollution Loadings 
 
Potential sources of NPS pollution in the watershed are varied and are likely to include 
residential landscaping activities, on-site septic treatment (septic tanks), fertilizer and pesticide 
application, land clearing for new construction or cedar removal, deposition of pet and livestock 
wastes, surface runoff from parking lots and roads, grazing activities associated with livestock, 
atmospheric deposition, and some limited recreational use of the green space along Sink Creek.   

NPS pollution sources associated with residential/urban areas includes on-site septic treatment, 
which remains the primary method of wastewater treatment in most of the watershed. Indeed, 
all of the residential development in the eastern portion of the watershed along Lime Kiln and 
Hilliard roads utilizes on-site septic systems.  It is not known how future developments will treat 
wastewater, but an increase in septic systems is likely because much of the watershed is 
unincorporated. Nonpoint source pollution associated with residential land use includes 
fertilizer and pesticide application. In addition, native vegetation removal and land clearing can 
increase runoff and erosion.  Residential and urban areas will have associated transportation 
networks which increase runoff and are associated with higher levels of suspended and 
dissolved solids and heavy metals. According to EMC estimates (Baird et al. 1996; Ockerman et 
al. 1999; Ockerman 2002; City of Austin 2006), residential land use is among the highest source 
of N, P, and thus biological and chemical oxygen demand.  Commercial and Industrial land uses 
are associated with higher levels of heavy metals, such as Pb, Cd, Cu and Zn.  Impervious 
surface cover surface in urbanized areas can also result in pollutant loadings being delivered to 
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Sink Creek faster and in greater concentrations than in areas with natural drainage systems 
(Novotny and Olem, 1994). 

More rural areas within the Sink Creek watershed also have the potential to contribute NPS 
loads more indicative of these kinds of LULC types.  Rangeland can generate suspended and 
dissolved solid loads which can end up in streams and downstream lakes (Table 3.1).  Animal 
waste can contribute nutrients and bacteria and grazing can increase soil erosion through 
compaction and vegetation removal.  Agricultural land use (Cropland) is often associated with 
higher N loads and higher levels of eroded sediments and dissolved solids.   

In the Sink Creek watershed, Rangeland and Undeveloped/Open areas contribute the largest 
calculated loads of N to Spring Lake (Figure 3.4).  Our calculated estimates indicate that in total, 
the Sink Creek watershed exports 0.75 lbs of total nitrogen (TN) per acre of total watershed 
area per year.  Most of this is exported N is in the form of NO3

2- + NO2
--N and total Kjeldahl-N 

(the sum of both organically-bound N and NH4
+); however, most of the TKN-N is organically-

bound because NH4
+ exports from the Sink Creek watershed are low (Figure 3.4).  These results 

indicate that most of the N loading to Spring Lake is in the dissolved form, in particular in the 
form of NO3

2- + NO2
—N.   

In contrast to N loading from the Sink Creek watershed, total phosphorus (TP) exports from the 
Sink Creek watershed are much lower (0.07 lbs TP/acre/year; Figure 3.4), but most of this P 
(~87%) is predicted to be in a soluble form  (TDP) that is relatively more bioavailable to algae 
and bacteria.   

Other NPS parameters exhibited similar loading patterns (Figure 3.5).  TDS, TSS, BOD, and COD 
exhibited total annual exports of 145, 26, 2.3, and 41 lbs/acre/year, respectively. For these NPS 
constituents, Rangeland and Undeveloped/Open areas were the largest contributors to the 
annual load.  However, Residential areas exhibited an increased contribution to these loads, 
especially in the estimated annual BOD.  Total loading of E. coli loading from the watershed was 
equivalent to 6,373 cell/100mL/acre/year, with Undeveloped/Open areas contributing the 
highest portion of this load; however, Residential areas were the second highest contributor of 
E. coli loading. 
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Figure 3.4.  Estimated standardized annual loads of nutrient NPS constituents from the Sink 
Creek watershed to Spring Lake from the various LULC types in the watershed as well as the 
watershed as a whole.  Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = 
Rangeland, U/O = Undeveloped/Open, and Tot = Total Watershed Load.  Note that this figure 
does not illustrate how the load per-acre will change if one land use type is converted to 
another; it only represents the proportions of the total load per year on a whole watershed-
averaged per-acre basis. 
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Figure 3.5.  Estimated standardized annual loads of dissolved and suspended solids, biological 
and chemical oxygen demand, and E. coli NPS constituents from the Sink Creek watershed to 
Spring Lake from the various LULC types in the watershed as well as the watershed as a whole.  
Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = Rangeland, U/O = 
Undeveloped/Open, and Tot = Total Watershed Load.  Note that this figure does not illustrate 
how the load per-acre will change if one land use type is converted to another; it only represents 
the proportions of the total load per year on a whole watershed-averaged per-acre basis. 
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The loading of the heavy metals Pb, Cd, Cu and Zn exhibited much lower absolute annual loads 
than other NPS constituents (ranging from x10-6 to x10-9 lbs/acre/year; Figure 3.6).  Lead, Cu 
and Zn were estimated to have much greater exports than Cd from the Sink Creek watershed, 
with Undeveloped/Open areas contributing a higher fraction to the load.  Again, Residential 
areas were estimated to contribute a slightly higher portion of the total load of these heavy 
metals to Spring Lake. 

 

Figure 3.6.  Estimated standardized annual loads of heavy metal NPS constituents from the Sink 
Creek watershed to Spring Lake from the various LULC types in the watershed as well as the 
watershed as a whole.  Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = 
Rangeland, U/O = Undeveloped/Open, and Tot = Total Watershed Load.  Note that this figure 
does not illustrate how the load per-acre will change if one land use type is converted to 
another; it only represents the proportions of the total load per year on a whole watershed-
averaged per-acre basis. 
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In our modeling efforts, we assumed 10% of the annual runoff ended up being exported out of 
the watershed and into Spring Lake.  However, we also assumed that 25% of the annual runoff 
went into recharge for the aquifer.  Because we assumed this constant percentage of runoff 
went to groundwater recharge, all NPS constituent loads to the aquifer were 2.5x higher than 
the loads to Spring Lake (Figures 3.7, 3.8, and 3.9).  Thus, the estimated annual loads of NPS 
constituents to the groundwater are much greater than the loads to the lake, but the 
proportional contribution of each LULC type to the annual load is the same in both the Spring 
Lake and groundwater loading estimates.   

 

Figure 3.7.  Estimated standardized annual loads of nutrient NPS constituents from the Sink 
Creek watershed to the local groundwater pool from the various LULC types in the watershed, as 
well as the watershed as a whole.  Re = Residential, Co = Commercial, In = Industrial, Cr = 
Cropland, Ra = Rangeland, U/O = Undeveloped/Open, and Tot = Total Watershed Load. Note 
that this figure does not illustrate how the load per-acre will change if one land use type is 
converted to another; it only represents the proportions of the total load per year on a whole 
watershed-averaged per-acre basis. 
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Figure 3.8.  Estimated standardized annual loads of dissolved and suspended solids, biological 
and chemical oxygen demand, and E. coli NPS constituents from the Sink Creek watershed to the 
local groundwater pool from the various LULC types in the watershed as well as the watershed 
as a whole.  Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = Rangeland, 
U/O = Undeveloped/Open, and Tot = Total Watershed Load.  Note that this figure does not 
illustrate how the load per-acre will change if one land use type is converted to another; it only 
represents the proportions of the total load per year on a whole watershed-averaged per-acre 
basis. 
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Figure 3.9.  Estimated standardized annual loads of heavy metal NPS constituents from the Sink 
Creek watershed to the local groundwater pool from the various LULC types in the watershed as 
well as the watershed as a whole.  Re = Residential, Co = Commercial, In = Industrial, Cr = 
Cropland, Ra = Rangeland, U/O = Undeveloped/Open, and Tot = Total Watershed Load.  Note 
that this figure does not illustrate how the load per-acre will change if one land use type is 
converted to another; it only represents the proportions of the total load per year on a whole 
watershed-averaged per-acre basis. 

In addition to examining the calculated load of the watershed and each LULC, we explicitly 
examined the proportional or percent contribution of each LULC type to the calculated annual 
load in order to assess the relative importance of each LULC type to NPS loading to Spring Lake 
and the aquifer.  Through determining the percent contribution of each LULC type in the Sink 
Creek watershed, we can potentially highlight different areas of the watershed may be targeted 
for various pollution mitigation strategies.   In addition, we can examine which LULC types 
should be avoided in order to preserve or improve water quality of the lake and Upper River.  
For example, if Residential area in the watershed accounts for a non-proportional contribution 
of the TP load to the lake and groundwater (e.g., their contribution to the TP load is greater 
than would be expected based solely upon the Residential percent cover of the watershed) 
then stakeholders may want to caution against future residential developments in the 
watershed without explicit management measures to mitigate against the TP loading.  
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Furthermore, stakeholders can use this information to target existing LULC types in the 
watershed that should have management measures installed or initiated in order to improve or 
lessen the loading of NPS constituents from these LULC types.  

For the various estimated loads of nutrients examined by this analysis (TN, TKN, NO3
2- + NO2

-, 
NH4

+, TP, and TDP) to the lake and groundwater, Rangeland and Undeveloped/Open areas 
cumulatively accounted for 82 – 95% of the total annual load (Figure 3.10).   

Given that these two LULC types account for 94% of the watershed, this finding is not 
surprising.  Indeed, the overwhelming proportional contribution of combined Rangeland and 
Undeveloped/Open areas was consistent across the other NPS constituents examined by this 
study, accounting for 79 – 94% of the annual loads (Figures 3.11 and 3.12).   

 

 

Figure 3.10.  Percent contribution of each LULC type to the total annual loads of nutrient NPS 
constituents to Spring Lake and the local groundwater pool.  Re = Residential, Co = Commercial, 
In = Industrial, Cr = Cropland, Ra = Rangeland, and U/O = Undeveloped/Open.  Note that this 
figure does not illustrate how the load per-acre will change if one land use type is converted to 
another; it only represents the proportions of the total load per year on a whole watershed 
basis. 



101 

 

 

Figure 3.11.  Percent contribution of the each LULC type to the total annual loads of dissolved 
and suspended solids, biological and chemical oxygen demand, and E. coli to the Spring Lake 
and the local groundwater pool.  Re = Residential, Co = Commercial, In = Industrial, Cr = 
Cropland, Ra = Rangeland, and U/O = Undeveloped/Open. Note that this figure does not 
illustrate how the load per-acre will change if one land use type is converted to another; it only 
represents the proportions of the total load per year on a whole watershed basis.  
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Figure 3.12.  Percent contribution of the each LULC type to the total annual loads of heavy 
metals to the Spring Lake and the local groundwater pool.  Re = Residential, Co = Commercial, In 
= Industrial, Cr = Cropland, Ra = Rangeland, and U/O = Undeveloped/Open.  Note that this figure 
does not illustrate how the load per-acre will change if one land use type is converted to 
another; it only represents the proportions of the total load per year on a whole watershed 
basis. 

Residential land use, which accounts for 4.5% of the watershed area, was the next highest 
contributor to annual loads, accounting for 3 – 10% of the annual load of nutrients to the lake 
and the groundwater.  However, Residential land use in the Sink Creek watershed was 
estimated to contribute a greater proportion of the annual load for BOD (18%) E. coli (23%), Pb 
(15%), Cu (14%), and Zn (15%).  These higher proportional loadings provide insight to the 
importance of residential areas to loadings of some NPS constituents to Spring Lake and the 
local groundwater.   
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3.5  Summary and Recommendations 
 

In this portion of the Spring Lake Project, we estimated the loading of various NPS constituents 
including nutrients, heavy metals, and bacteria to Spring Lake and the local groundwater pool 
from the Sink Creek watershed.  We also estimated the proportional loading of these NPS 
constituents from the various LULC types within the Sink Creek watershed.  In general, we 
found that magnitude of the loads from the Sink Creek watershed to Spring Lake and the local 
groundwater from the various LULC types were largely a function of the proportion of each 
LULC type within the watershed.  However, Residential areas, while being a relatively small 
portion of the watershed, had a somewhat greater than expected contribution to the loads of 
several NPS constituents.  In addition, our findings provide a foundation for designing and 
implementing LULC-specific management measures to preserve or improve the current water 
quality of Spring Lake and the Upper San Marcos River and to reduce NPS pollutant loads from 
future human activities in the watershed.   

Results of our modeling and calculation efforts indicate that conversion of one land use type to 
another leads to changes in the yields of various NPS constituents from the landscape.  When 
EMCs from the different land use and land cover types are converted to annual aerial yields 
(e.g., lbs/acre/year or cells/100 mL/acre/year) irrespective of the percent cover of the land use 
type in the Sink Creek watershed, there is a relatively consistent pattern of increasing loads of 
NPS constituents with the presence of human activities.  Calculation of an aerial yield on a per 
acre basis allows for the direct comparison of the yield of different NPS constituents from one 
acre of each land use type.  In terms of the NPS annual yield of nutrients, Undeveloped/Open 
land use has lower TN, TP and TDP yields than Residential, Commercial and Industrial land use 
types (Fig. 3.13).  In contrast, Cropland generally exhibits the highest N and P aerial yields of all 
the LULC types.  In addition, annual aerial yields of TSS, BOD, COD, and E. coli when compared 
Residential, Commercial and Industrial land use types (Fig. 3.14).  Rangeland exhibits the lowest 
annual yields of TSS, BOD, and E. coli.  Finally, yields of metals (Pb, Cd, Cu, and Zn) were lowest 
in Rangeland and Undeveloped/Open land use types (Fig. 3.15).  The results of these 
calculations indicate that the annual aerial yield of most nutrients, oxygen demanding 
substances, E. coli, and metals will increase if an acre is converted from Undeveloped/Open 
land use to a land use type that is more intensively utilized by humans.         
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Figure 3.13.  Annual per acre aerial yield of nutrients from different land use types found in the 
Sink Creek watershed.  Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = 
Rangeland, and U/O = Undeveloped/Open.  This graph illustrates how yields would change on a 
per-acre basis if land uses are changed. 

In the Sink Creek - Spring Lake watershed, the intimate connectivity between surface- and 
groundwater is highly likely to make any NPS loading to Sink Creek relevant to the nutrients and 
water quality dynamics in Spring Lake.  Although NPS loads from human activities such as the 
presence of faulty septic systems and fertilizer application can run off into Sink Creek and be 
exported to Spring Lake via surface waters, it is highly likely that a substantial portion of the 
runoff ends up as recharge to the local groundwater pool.  In this study, we assumed that 25% 
of annual water yield ended up as recharge; however, this percent contribution is likely higher 
than this value and changes seasonally with the hydrodynamic properties of the aquifer.   Given 
the connectivity between the Sink Creek watershed and the groundwater emerging into Spring 
Lake, changes in the intensity and composition of LULC practices in the Sink Creek watershed 
have the potential to affect water quality in Spring Lake and the Upper San Marcos River.  
Subsequent and ongoing data collection efforts of this overall study involve the collection of 
high temporal resolution water quality data from multiple spring openings in Spring Lake, which 
may provide information on the responsiveness of springs to localized rainfall and recharge 
events.    
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Figure 3.14.  Annual per acre aerial yield of dissolved and suspended solids, biological and 
chemical oxygen demand, and E. coli from land use types found in the Sink Creek watershed.  Re 
= Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = Rangeland, and U/O = 
Undeveloped/Open. This graph illustrates how yields would change on a per-acre basis if land 
uses are changed. 
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Figure 3.15.  Annual per acre aerial yield of metals from land use types found in the Sink Creek 
watershed.  Re = Residential, Co = Commercial, In = Industrial, Cr = Cropland, Ra = Rangeland, 
and U/O = Undeveloped/Open. This graph illustrates how yields would change on a per-acre 
basis if land uses are changed. 

Results of our analyses indicate that the Sink Creek watershed is dominated by Rangeland and 
Undeveloped/Open areas and that these areas are the largest contributors to NPS loadings to 
Spring Lake and the local groundwater.  These findings show that most of the watershed (based 
upon 2006 NLCD data) is relatively undisturbed by human activities and that potential future 
management measures should take this into account.  Our estimates of annual aerial yields also 
indicate that conversion of land use from Rangeland and Undeveloped/Open to other more 
intensively-occupied land use types will lead to larger exports in many NPS constituents to Sink 
Creek and the groundwater pool.  Specifically, future management measures could obtain 
conservation easements in areas and to preserve areas which are currently classified as 
Undeveloped/Open.  Indeed, we suggest that future NPS management efforts should strongly 
consider these land conservation efforts as a part of their overall waters quality management 
plans.  
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Rangeland in the Sink Creek watershed is an important LULC type both in terms of its percent 
coverage in the watershed and its percent contribution to the annual NPS loads.  It is important 
to note that in this analysis the literature-based EMCs for various NPS constituents for 
Rangeland were relatively low (Table 3.1), especially for most nutrients, BOD, and E. coli.  This 
result highlights some of the consequences of assumptions made during modeling efforts such 
as this report.  Cattle and livestock practices can potentially have large effects on nutrient 
loading and water quality; however, the magnitude of these effects are likely a function of the 
density of livestock in an area and the specific management practices involved with the 
livestock operation.  In the Sink Creek watershed, there are no concentrated animal feeding 
operations (CAFOs) and cattle densities are relatively low (~1 cow/25 acres), thus the lower 
EMCs for Rangeland used by this study are likely to be reflective of conditions in the watershed.  
In addition, the actual loadings from Rangeland activities are likely to be dependent upon 
specific management practices within the watershed, such the timing and duration of grazing in 
locations, cattle access to the stream bed and/or the riparian zone.    

Our results also highlight that Residential area within the Sink Creek watershed, although a 
small percentage of the watershed area can have a substantial contribution to the loading of 
some NPS constituents, such as BOD, E. coli, and some heavy metals.  Given that residential 
areas within the watershed are dominated by septic systems, wastewater and stormwater 
management measures are likely to be important in order to reduce the loads coming from 
Residential –dominated areas.  Indeed, calculation of the per acre aerial yield of NPS 
constituents indicates that Residential land use has higher per acre yields in some nutrient 
forms, BOD and COD, E. coli, and metals than Rangeland and Undeveloped/Open land uses.  
Future development within the watershed is likely to be a conversion of Undeveloped or 
Rangeland to Residential area; thus, our results clearly suggest that stakeholders need to plan 
management measures accordingly if areas are converted to Residential land use.  In particular, 
the Windmere Ranch Development has a high likelihood of impacting water quality in the lake 
and the upper river because it will be located along Sink Creek near Spring Lake and will be 
positioned downstream from the farthest downstream flood retention structure.  It is 
recommended that future development activities should be carefully examined and best 
management practices (BMPs) should be applied to maintain water quality. 

Based upon these findings, we generated a map indicating several areas within Sink Creek – 
Spring Lake watershed which should be considered for maintaining or improving current and 
future water quality of Spring Lake and the Upper San Marcos River (Figure 3.16).  Within the 
figure, several areas are highlighted to illustrate issues related to the current and future NPS 
loadings.  Area 1 is largely a residential area that sits within San Marcos city limits.  Residents 
use city sewer systems so septic loading is not much of a concern; however, there is substantial 
impervious cover and management of application of lawn materials, pet waste management, 
and stormwater runoff should be a priority.  Area 2 on the map is relatively low density 
residential area located along Lime Kiln and Hilliard area.  These residents are on septic systems 
and often have several trailer homes on a single lot.  Management measures associated with 
septic systems, application of materials to lawns, and pet waste are of concern.  Area 3 is again 
largely residential and contains a mix of high- and low-density housing.  Like Area 1, lawn 
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materials, pet waste management, and stormwater runoff should be a priority management 
issues.  The final area, Area 4, is located in the western portion of the watershed and contains 
relatively large houses on large (>2 acre) lots.  There is a low density of houses and although 
issues such as septic systems, application of materials to lawns, and pet waste are of concern, 
this portion of the watershed is likely to be the area of lowest priority. 

 

Figure 3.16.  Highlighted areas within the Spring Lake - Sink Creek watershed which should be 
considered for improving or maintaining current and future water quality in Spring Lake and the 
Upper San Marcos River.  Detailed explanation of the different areas indicated by the coloring 
and numbers is provided in the report text.   

Preservation of water quality and quantity in Spring Lake and the Upper San Marcos River 
requires an integrated management plan that incorporates both surface- and groundwater, 
spans agency jurisdictions, allows for stakeholder involvement, and maintains the sometimes 
difficult balance between natural resource management and economic development. Future 
portions of the Spring Lake Watershed Characterization and Recommendations Project, 
including the periodic collection of water quality data and the determination of NPS loads 
associated with storm events from the Sink Creek watershed will play a vital role in initiating 
the generation of such a management plan.  These loading estimates also provide a foundation 
for the future WPP for the entire Upper San Marcos River watershed. 
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4.0 Public Participation Plan 

4.1 Purpose of a PPP 
 

Increasingly, public participation in decision making is vital to the success of community 
projects.  This public participation plan (PPP) shows how the San Marcos Coordinating Group 
will communicate and engage the community in an ongoing effort to develop a Spring Lake 
Watershed Characterization and Management Recommendations Report.  Stakeholder input 
during this project will be gathered on the Spring Lake Watershed and its potential nutrient 
sources.  It is anticipated that this stakeholder work will be a precursor to the development of a 
Watershed Protection Plan wherein stakeholder input will be gathered on the Upper San 
Marcos Watershed.  As part of the collaborative process, The Meadows Center for Water and 
the Environment worked with stakeholders and partners to create a vision, goals, and action 
items that incorporate the environmental, economic, and social values of stakeholders and 
partners.  The Meadows Center for Water and the Environment also worked with stakeholders 
and partners to reconcile different values and viewpoints of the various participants in order to 
arrive at mutually acceptable management recommendations.   

4.2 The Need for Public Participation 
 

Public participation is both functional for planning and meaningful to the public (Miskowiak, 
2004).  Not only do local citizens have a right to say what happens in their community, they can 
add anecdotal evidence to coincide with scientific data.  Many people in the community have 
lived there for many years and can testify to changes they have seen throughout that time.  In 
addition, public participation is fast becoming a vital component of any environmental planning 
effort.    
 
Another aspect of public participation to consider is the incredible influence the public has.  
People talk to one another, and can stop a project in its tracks if they decide not to support it.  
Ultimately, the public has the final say in what they want to happen in their community.  
Getting public buy-in early in the process is essential.  A public that is an educated part of the 
process will help build success.  Community involvement will also help to build trust. If the 
community is part of this effort to gather information and make informed decisions, they will 
own their efforts and likely be more supportive of watershed based programs.    
 
It is pertinent to emphasize that this project provided information that can be used for future 
decision making.  No one will be required to implement the management strategies 
recommended though the stakeholder processes. 
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4.3 Background of the Upper San Marcos Coordinating Group 
 

The Upper San Marcos Coordination Group was initiated by The Meadows Center for Water 
and the Environment at Texas State University – San Marcos in 2009 to assist community 
stakeholders, local organizations, and various agency partners who are working collectively to 
bridge diverse perspectives, interests, and resources to provide input into the development of a 
watershed characterization and the resulting recommendations for the management of 
nutrients and other identified nonpoint source pollutants in the watershed.   
 
The group is comprised of members from the City of San Marcos, Hays County, The Meadows 
Center for Water and the Environment, the San Marcos River Foundation, San Marcos River 
Rangers, San Marcos Greenbelt Alliance, Edwards Aquifer Research and Data Center, the 
Guadalupe Blanco River Authority the United States Geologic Survey and others.  
 
The main goal for this project is to ensure that the long-term integrity and sustainability of the 
San Marcos watershed is preserved and that water quality standards are maintained for 
present and future generations.  A core belief is that good water quality is essential to all, and 
that protection of water resources is an individual as well as governmental responsibility.  
 
Because the fate of endangered species, watershed function and growth in the Upper San 
Marcos Watershed are inextricably linked, the Meadows Center for Water and the Environment 
initiated in June 2009 a planning process to develop an integrated, adaptive management plan 
for the Upper San Marcos Watershed in collaboration with the City of San Marcos, Hays County, 
and conservation NGO’s.    
 
Spring Lake has never been consistently monitored to collect the data necessary to assess the 
water body for the Texas CWA'305(b) Water Quality Inventory and CWA'303(d) List, despite the 
varied research projects conducted by faculty and students at Texas State University.   
Until the initiation of the Spring Lake Watershed Characterization and Management 
Recommendations project, there had not been an attempt to obtain high-resolution quality 
assured event-based data in order to target nutrient inputs to the lake or determine the 
influence of various sources of water on the algae and turbidity of the lake. What is known is 
that despite the system’s high ecological, economic and cultural value, Spring Lake and the 
upper San Marcos River have recently experienced increased turbidity and major algal blooms 
following substantial rainfall events and the associated increases in surface and subsurface 
flows.  While there is an obvious and sometimes persistent deterioration of water quality 
during and after periods of high surface and ground water inputs to the lake, the relative 
pollutant load contributions of these sources in the watershed is unknown.  Thus, 
determination of the relative nutrient and sediment inputs to the lake from the various 
hydrological sources is critical for the management and preservation of the lake.  In particular, 
determination of inputs of phosphorus (P) are of greatest concern because productivity of the 
lake is extremely phosphorus limited due to the low levels of immediately bioavailable 
phosphorus (<5 µg orthophosphate - P/L) relative to the high levels of bioavailable nitrogen 
(~1600 µg NO3

2- - N/L).         
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The planning process identified several key objectives for the management plan: to enhance 
communication and coordination among participating organizations; to reduce or eliminate 
sources of pollution that enter the river directly from the land via runoff or through aquifer 
recharge; to maximize spring flow throughout the watershed; and to implement research, 
education, stewardship and service programs throughout the Upper San Marcos Watershed 
and the aquifer systems that supply it.  
 
In January 2010, the collaborating entities formalized their intentions by signing a 
Memorandum of Understanding to promote and develop a watershed protection plan for the 
Upper San Marcos Watershed (USMWPP).  The basis of this formalization was twofold. First, it 
met the necessary requirements of the grant, yet it also built the network of stakeholders 
needed for the initiation and continuation of a Watershed Protection Plan for the San Marcos 
River. The group anticipates an increasingly urgent need for formal coordination as several local 
and regional planning processes transition to implementation in the near future.  These include 
the: Edwards Aquifer Habitat Conservation Plan, Federal Municipal Storm Water Program 
(pertains to each participating institution), and the San Marcos Observing System. 
 
These programs establish regional and local strategies for aquifer and endangered species 
management that depend on local implementation.  For example, pumping within the Upper 
San Marcos Watershed can reduce spring flow at the San Marcos’ River’s source, impact 
regional pumping restrictions during drought conditions; or high sediment loads from 
construction can threaten endangered wild rice.   By aligning university, city, county and local 
NGO stewardship activities with these regional strategies the USMWPP will serve as a necessary 
and effective implementation program.   

4.4 Dissemination of and Access to Information 
 

1. Information available for public on River Systems Institute website.  
2. A brochure/flyer will be created that condenses the major issues  and findings from the 

Upper San Marcos Characterization report into a more manageable and easily understood 
format 

3. Monthly Stakeholder Meetings 
4. Public meetings  
5. There is an open door policy:  anyone requesting information, meetings, and more can have 

an audience via email, phone or in person. The Meadows Center for Water and the 
Environment Staff are available. 
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4.5 Deliverables 
 

 Watershed Characterization – Phase 1: Data Inventory 

 Watershed Characterization – Phase 2: Data Collection and Analysis Report  

 Management Measures Report  

 Revised/refined watershed goals & targets  

 Watershed Characterization and Management Measures Report  

 Letter of Approval from the Stakeholder Group  

 Documentation of presentations to relevant officials and the public submitted  

4.6 Ground Rules 
 

1. Be open to new concepts and be respectful of other points of view. 
2. There will be no audio or visual recording of meetings:  minutes of meetings will be a brief 

overview of topics discussed and will be emailed to the group and placed on the RSI 
website.   

3. All Committee members agree to make an effort to attend all Watershed Committee 
meetings.  We do recognize that members may have other obligations and are unable to 
attend.  In this case: 

a. If members are unable to attend a meeting, they should send a replacement 
4. Committee Decisions: 

a. Committee will approve recommendations by consensus  
b. If consensus cannot be reached, then recommendations will be decided by 2/3 

majority. 
5. The Committee will make recommendations based on information they have gathered and 

on input from stakeholders 
a. Subcommittee recommendations will be accepted based on Watershed Committee 

consensus with final approval from the Watershed Committee Chair.  
6. A Spokesperson (and alternate) assigned to represent the group’s mission and goals within 

outside audiences.  

4.7 Goals of the Committee 
 
1. Recruit New Members 

 Citizens of San Marcos 

 Chamber of Commerce members 

 City Council and City Manager 

 Business Owners on the Square 

 Landowners  
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o along the San Marcos River 
o along the Sessoms, Willow and Sink Creeks 

 Developers 

 Special interest groups 

 Environmental organizations 
2. Watershed Characterization Review and Input 
3. Management Recommendations Review and Input 
4. Provide Recommendations on Future Work Towards Developing a Watershed Protection 

Plan 

4.8 Partners 
 

City of San Marcos 
Edwards Aquifer Authority 
Guadalupe-Blanco River Authority  
Hays County  
The Meadows Center for Water and the Environment  
San Marcos Greenbelt Alliance 
San Marcos River Foundation 
Texas Stream Team 
Texas Parks and Wildlife 
Texas State University – San Marcos 
Texas Commission on Environmental Quality 
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5.0 Overview of the Management Measures Recommendations for the 

Spring Lake – Sink Creek Watershed Report  
 

The purpose of this section of the report is to provide information on specific management 
recommendations for the Spring Lake – Sink Creek watershed as well as present the feedback 
of the Upper San Marcos River Coordinating Group (USMRCG; the stakeholders) as to which 
management measures are a priority for the watershed and Spring Lake.   In this portion of the 
Spring Lake Project, we present the specific management measures that may be used to 
preserve or improve the current water quality of Spring Lake and the USMR and to reduce NPS 
pollutant loads from future human activities in the watershed.  

The stakeholder’s Mission Statement and Goals are as follows: 

The mission of the Upper San Marcos Coordinating Group is to restore and preserve the 
natural integrity of the Upper San Marcos Watershed through research, education and 
stewardship. 

Goals: 

 Develop, coordinate and implement watershed protection planning activities to 
ensure the river meets the state’s water quality standard but furthermore 
improve it beyond its status as of July, 2012.  

 Protect water quality and optimal spring flows for current and future 
generations 

 Safeguard healthy riparian and aquatic habitats 
 Broaden and enlighten civic engagement in watershed management activities 
 Increase awareness of the influence human activities have on the intricate web 

of biological relationships found within the watershed 

 

We concluded that management measures associated with conservation strategies, 
urban/residential development, and watershed-level sedimentation were the most important 
to maintain & improve in the watershed.  In general, the stakeholder group agreed with our 
assessment and ranked conservation measures as the most important and most urgent 
management strategies for the Spring Lake – Sink Creek watershed.  The specific management 
measures that may be used to preserve or improve the current water quality of Spring Lake and 
the USMR are broadly defined in this report and stakeholder involvement is critical for future 
decision making-processes on which specific measures to use. 
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5.1 General Watershed Information and Issues in the Upper San Marcos 
River 
Spring Lake is the headwaters of the San Marcos River where artesian spring water emerges 
into the lake from >200 spring openings; this spring system is the second most hydrologically 
productive in the state.  Water from these springs originates from the Edwards Aquifer (Figure 
5.1).  The Edwards Aquifer is a large, complex limestone karst aquifer spanning a substantial 
portion of the central Texas region.  A more detailed discussion of the flow paths of Edwards 
Aquifer waters to Spring Lake are provided in a previous report associated with this project (see 
the Spring Lake Watershed Initial Characterization Report).     

 

Figure 5.1.  The Upper San Marcos River Watershed and its four main sub-basins - Sink Creek, 
Sessom Creek, Purgatory Creek, and Willow Creek.  The upper most contributing sub-basin (Sink 
Creek) enters the San Marcos River near the headwater artesian springs located in Spring Lake. 
The City of San Marcos is shown in the south eastern corner of the map. Note that these 
watershed boundaries are only for surface drainage, and that they do not define the much 
larger groundwatershed contributing flow to San Marcos Springs. 

Although Spring Lake receives most of its annual hydrological inputs from groundwater sources, 
Sink Creek discharges into the Slough Arm of the lake.  Flows from Sink Creek originate more 
than 15 stream miles upstream to the northwest near the city of Wimberley.  Much of the time, 
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Sink Creek is dry and experiences little to no flow.  However, during strong rain events or in 
relatively wet years (e.g., El Niño years), Sink Creek flows and appears to discharge substantial 
loads of sediments and nutrients into Spring Lake and the upper river.  As the name implies, 
water in the creek also “sinks” and presumably provides some recharge to local groundwater 
sources (Johnson and Schindel 2008).  However, the extent of this groundwater recharge from 
the creek is not known.  There are also several flood retention structures (dams) upstream from 
Spring Lake on Sink Creek, with the largest of these structures located on Freeman Ranch.  
Presumably, these flood retention structures also provide some opportunity for surface waters 
to recharge the aquifer.   

Typically, the strong spring water influence on Spring Lake and the upper San Marcos, the 
upper river exhibits high water quality with low turbidity, low suspended sediment loads, and 
low phosphorus (P) concentrations.  Spring Lake and the USMR have recently experienced 
increased turbidity and declines in water quality rainfall events, presumably from inputs by Sink 
Creek.  However, the relative pollutant load contributions of these ground- and surface water 
sources to Spring Lake and the USMR currently remain unknown.   

The purpose of this report is to present information on calculated estimates of hydrological 
inputs, and sediment, nutrient, and bacteria loadings from the Sink Creek watershed to Spring 
Lake.  Specifically, this report covers activities related to Objective 2 (Build Partnerships with 
Stakeholders) and Objective 9 of the Scope of Work (SOW) (Tasks 9.1 through 9.4).  In this 
report, we provide the information on the potential management measures which are relevant 
for the Spring Lake – Sink Creek watershed and then show which management measures the 
watershed stakeholders ranked as priority.  Ultimately, the goal of the activities reported here 
are to identify potential causes and sources, or groups of similar sources of NPS loading to 
Spring Lake and then make recommendations on management measures that can control NPS 
loading of nutrients, sediments and bacteria from the Sink Creek watershed. 

5.2 Review of NPS Sources and Inputs to Spring Lake 
 

5.2.1 Pollution Inputs to Aquatic Systems 
 

A pollutant is defined as a substance that is present in concentrations that may cause harm to 
plants and animals (including humans) or exceed an environmental quality standard (United 
Nations 1997).  Point sources of pollution to a waterbody are defined as individual, identifiable 
sources such as the effluent from an industrial outfall or the discharge from a wastewater 
treatment plant.  Point sources of pollutants are regulated under State of Texas law and the 
Federal Clean Water Act and are therefore subject to permit requirements.  Permitted point 
sources have specific effluent limits, monitoring requirements, and enforcement mechanisms.  
Within the Spring Lake/Sink Creek watershed there are no identified point sources of pollution, 
thus, there are currently no concerns over loading from these kinds of sources to the Spring 
Lake and the USMR. 
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In contrast to a point source of pollution, NPS pollution is not associated with known individual 
sources.  NPS pollution inputs to a waterbody are associated with diffuse contributions to the 
site of interest, such as nitrogen (N) inputs through atmospheric deposition.  Pollutants 
associated with hydrologic inputs (e.g., nutrients, bacteria, sediments) are the most common 
nonpoint sources.  However, the pollutant loads to a waterbody from nonpoint sources can 
exhibit substantial temporal and spatial variability.  As such, NPS loads to a waterbody can be a 
function of human activity and/or the naturally-occurring background pollution.   

In the USMR Watershed, NPS pollution is a substantial source of concern due to multiple 
anthropogenic activities in the watershed, including land use intensity and land use patterns, 
and alteration the hydrologic regime.  In the Sink Creek watershed, NPS inputs from changing 
land use and land cover (LULC) patterns (e.g., an increase in urban land use and impervious 
surface) and alteration of the hydrologic regime (e.g., changes in the timing and magnitude of 
hydrologic inputs) are likely to play an important role in determining nutrient and sediment NPS 
loads to Spring Lake.  In particular, exports of nutrients from landscapes and into  such as N and 
phosphorus (P), sediments, and bacteria from surrounding landscapes can have substantial 
impacts on the water quality and subsequent suitability of waters as recreational resources, 
drinking water sources, and quality habitat for organisms.   Given the high water quality in 
Spring Lake and the USMR (Groeger et al. 1997), determination of the potential sources of NPS 
constituents in the watershed and the magnitudes of the externally-derived loads these 
constituents are critical for future protection and management of the ecosystem.   

In previous reports for the Spring Lake Project, we estimated the loading of various NPS 
constituents including nutrients, heavy metals, and bacteria to Spring Lake and the local 
groundwater pool from the Sink Creek watershed.  We also estimated the proportional loading 
of these NPS constituents from the various LULC types within the Sink Creek watershed.  In 
general, we found that magnitude of the loads from the Sink Creek watershed to Spring Lake 
and the local groundwater from the various LULC types were largely a function of the 
proportion of each LULC type within the watershed.  However, Residential areas, while being a 
relatively small portion of the watershed, had a somewhat greater than expected contribution 
to the loads of several NPS constituents.  We concluded that our findings provided a foundation 
for designing and implementing LULC-specific management measures to preserve or improve 
the current water quality of Spring Lake and the USMR and to reduce NPS pollutant loads from 
future human activities in the watershed.  In the report presented here, we provide a list of 
possible management measures that can be used to reduce NPS loads of nutrients, sediments, 
bacteria and other NPS constituents of concern.   

5.2.2  Overview of Management Measure Options 
 

Watershed-level and LULC type-level management measures are designed to mitigate or 
reduce the export of pollutants to a waterbody.  In particular, the United States Environmental 
Protection Agency defines any efforts and practices used for water pollution control as a Best 
Management Practice (BMP).   Traditionally, BMPs are typically used to describe pollution 
controls for wastewater and stormwater pollution management.  Given the multitude of the 

http://en.wikipedia.org/wiki/Industrial_wastewater_treatment
http://en.wikipedia.org/wiki/Stormwater


118 

 

sources and types of pollution and the diversity of pollution constituents, there are a multitude 
of potential management measures and BMPs which may be used for pollution control.  

In the Spring Lake – Sink Creek watershed the primary pollutants of concern are nutrients 
(particularly Nitrogen (N) and P), suspended sediments (total suspended sediments or TSS), and 
bacteria (especially Escherichia coli).  These pollutants were singled out as critical NPS 
constituents to focus on because of the high water quality and clarity of the USMR, the fact that 
there are significant recreational activities in the USMR.  Loading of nutrients and sediments 
can lead to stimulation of nuisance algal blooms, decreases in dissolved oxygen concentrations, 
and loss of water clarity.  High loads of bacteria, especially E. coli, can lead to potential human 
health concerns and the loss of human recreational activities in the river. 

As a part of the Pollutant Load Report, we estimated the proportional contribution of different 
LULC types in the Spring Lake – Sink Creek watershed and determined that Undeveloped/Open 
areas and Rangeland were the largest overall contributors to loads of nutrients, dissolved and 
suspended solids, bacteria, and heavy metals, often accounting for >80% of the total annual 
load of these constituents to Spring Lake.  However, this proportional contribution to the load 
was not surprising because these two LULC types compose >90% of the total watershed area 
(Figure 5.2), and on a per-acre basis, they generally contribute far less than Urban, Residential, 
Agricultural, or Industrial LULC.  For example, Residential housing-dominated areas, even 
though it is 4.5% of the watershed, contribute a disproportionally greater percentage to the 
annual E. coli and metals loads to Spring Lake and the local groundwater pool.   

Based upon the patterns in land use and the specific constituents that may end up in Spring 
Lake and the local groundwater pool, the initial list of management measures is largely related 
to agricultural (especially livestock activities), residential, and wildlife-related activities (Tables 
5.1 - 7).  The largest group of potential management measures is associated with urban or 
residential development within the watershed (Tables 5.1, 5.2, and 5.3).  In particular, the 
potential list of management strategies associated with urban and stormwater runoff is large 
(Table 5.1).  These measures include a variety of relatively low-cost measures that can be 
performed on the level of individual houses or residences and include installation of 
biofiltration/raingarden systems, groundcover establishment, mulching and landscaping 
strategies, nativescaping and xeriscaping, and rainwater harvesting.  In addition, there are other 
higher-cost and larger scale measures that can be undertaken at the neighborhood and housing 
development level, including the creation of a comprehensive stormwater strategy, the building 
of dry detention ponds to capture runoff, the purchase of conservation areas, installation of 
permeable pavement, and the creation of pet waste ordinances and pet waste disposal 
stations.  The goal of most of these strategies is to reduce the runoff and export of nutrients, 
bacteria, oil and grease, and TSS.  When a combination of these strategies is implemented at 
both the individual- and neighborhood level, they can be effective at limiting the NPS loading 
from residential and urban areas.   
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Figure 5.2.  Patterns in LULC characteristics in the Sink Creek Watershed across three time 
intervals (1992, 2001, and 2006).  The major LULC types are indicated by the various colors. 
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Table 5.1.  List of potential Urban and Stormwater Management Measures.  The type of 
measure, the approximate costs for each measure, and the NPS parameter treated by the 
specific management measure are provided. 

Example Measures Approx. Costs NPS Parameters Treated 

Urban and Stormwater Management 
Issues 

  

Biofiltration/Rain Garden Installation Ordinance 
development + 
Replacement of Grass 
Cost; Incentives = 
$20/100ft2; Staff 
person salaries 

Nutrients, Bacteria, TSS 

Comprehensive Stormwater 
Assessment to determine needs for 
Stormwater BMPs that will mitigate 
contaminants from otherwise 
untreated stormwater runoff. 

$20,000-
$35,000/survey 

Water quantity, TSS, Oil and grease 

Dry Detention Pond $41,000/1 acre foot 
pond; $239,000/10 
acre foot pond; 
$1,380,000/100 acre 
foot pond; 
Maintenance = 3-5% of 
construction costs 

Water quantity, TSS, Oil and grease, 
Heavy metals, Velocity 
flows/flooding, Nutrients 

Ground Cover Establishment - Urban Sod = $0.20/foot; Seed 
= $25.00/lb; Soil prep = 
$1.50/ft2; Groundcover 
plants = $6/ft2 

TSS, Nutrients 

Habitat Conservation Areas Land purchase = 
$850.00/acre with 
$750/year maintain 
costs; urban areas of ½ 
acre = $250 establish 
with $50/year maintain 
costs 

Nutrients, Bacteria, TSS 

Landscape Matching $10-$20/yard bulk of 
purchasing mulch 
which can be 
encumbered by 
municipal 
governments, or 
individuals for their 
homes and businesses.  

TSS, Velocity flows/flooding 

Lawn, Garden, and Landscaping 
Strategies and Education and Outreach 

$10s-$1000s Water quantity, TSS, Oil and grease, 
Heavy metals, Velocity 
flows/flooding, Nutrients 
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LID encompasses multiple design practices, focusing on new development and later shifts focus 
on existing developed areas to find opportunities for retrofitting (Pitzer, 2011). Various physical 
installations and techniques can be used to reduce sedimentation problems in waterways. 
When utilized as a LID strategy, sedimentation measures can be required in new development 
processes as well as re-development or retrofitting efforts. During temporary construction 
phases, low impact development strategies for sedimentation are particularly relevant for the 
Spring Lake – Sink Creek watershed (Table 5.2).  Given that much of the future development in 
the watershed is likely to be residential in nature, the limiting of TSS runoff into Spring Lake and 
the local groundwater pool is critically important.  The use of erosion control fabrics, wattles 
and straw bale barriers can trap sediments (TSS) as they run off of impervious surfaces and 
yards, thereby reducing the TSS loads to downstream (or underground) areas.   

 

 

 

Nativescaping/Xeriscaping Education 
and Outreach 

$100s-$1,000s Water quantity, TSS, Nutrients 

Nutrient and Fertilizer Management Outreach, certification 
programs; Monitoring; 
Regulatory processes; 
Other site specific costs 

Nutrients, Bacteria, TSS 

Permeable Pavement Capital costs = 
$2.00/ft2; M&O costs = 
$0.15/ft2 

Nutrients, Bacteria, TSS 

Pet Waste Ordinances and Stations, 
Education and Outreach 

Ordinance formation 
costs; Collection 
station costs of $620 
for installation and $85 
main 
costs/station/year 

Bacteria, Nutrients 

Rainwater Harvesting Systems $1/gallon; $2,500-
$30,000 to set up plus 
2% of cost for annual 
maintenance; Roof RO 
structure = $3.25/ft; 
Rain barrel = $50-$75 + 
$5/year for 
maintenance 

Water quantity, TSS, Velocity 
flows/flooding 

Vegetative Strips $7/ft for seed or $22/ft 
for sod; $13,000-
$30,000/acre; Native 
filter strip = $255/acre 

Nutrients, TSS 



122 

 

Table 5.2.  List of potential Low-Impact Development Strategies for Sedimentation.  The type 
of measure, the approximate costs for each measure, and the NPS parameter treated by the 
specific management measure are provided. 

 

Much of the residential areas within the Sink Creek watershed utilize on-site septic systems, so 
potential waste water strategies are also relevant (Table 5.3).  Many of the septic systems in 
the watershed are >15 years old and a comprehensive septic maintenance program run 
through San Marcos, Wimberley, and Hays county are likely to be beneficial to reduce bacteria 
and nutrient loading.  In addition, a program to replace outdated, damaged, or non-functioning 
septic systems may be beneficial.  A final, but costly alternative management measure would 
be to promote or require the use of high-performance biofiltration septic systems.  

Table 5.3.  List of potential Waste Water Management Strategies.  The type of measure, the 
approximate costs for each measure, and the NPS parameter treated by the specific 
management measure are provided. 

 

Much of the Spring Lake – Sink Creek watershed is classified as Undeveloped/Open and 
Rangeland.  The Undeveloped/Open LULC type generally have low nutrient, bacteria and 
sediment export potential and conversion to other more highly-impacted LULC types (e.g., 
residential area) can lead to greater exports of NPS constituents.  Thus, one of the more 
effective management strategies for the watershed as a whole would be preserve areas in their 
current LULC type (Table 5.4).  A relatively expensive option would be for a city or county to 
purchase areas within the watershed for preservation.  Alternately, a private land owner can 
enter into a conservation easement with a government agency or a land 
conservation/protection organization.  In such an agreement, future development of the land is 
prohibited and the agreement is binding for all future owners.  Obviously, this option requires a 
great deal of consultation with land owners and may require an extended period of negotiation. 

 

Example Measures Approx. Costs NPS Parameters Treated 
Low-Impact Development Strategies for Sedimentation   
Erosion Control Fabrics $0.04/foot TSS 
Straw bale Barriers $17/linear foot TSS 
Wattles $17-$27 TSS 

Example Measures Approx. Costs NPS Parameters Treated 

Wastewater Management Strategies   
High Performance Biofiltration Septic Alternative $8,000 Nutrients, Bacteria 

Septic Management Program Inspection and 
Enforcement = 
$50,000/year; Septic repair 
= $5,000 

Nutrients, Bacteria 

Septic Replacement Program $3,500-$10,000 per system Nutrients, Bacteria 
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Table 5.4.  List of potential Land Conservation Management Measures.  The type of measure, 
the approximate costs for each measure, and the NPS parameter treated by the specific 
management measure, are provided. 

 

Most of the agricultural management strategies presented in Table 5.5 are related to livestock 
activities because actual crop production activities constitute a very small fraction of the Sink 
Creek – Spring Lake watershed (Figure 5.2).  The management options we present are largely 
centered on keeping livestock out of stream beds and riparian areas.  However, there may be a 
need to create a watershed-scale livestock water quality management plan in which a 
combination of management measures are used to preserve and/or improve water quality of 
Sink Creek discharges into Spring Lake.  There are no concentrated animal feeding operations 
(CAFOs) in the Sink Creek watershed and cattle densities are relatively low (~1 cow/25 acres), 
thus the current loadings from grazing activities are likely to be relatively low.  However, the 
timing and duration of grazing in locations, cattle access to the stream bed and/or the riparian 
zone and other activities are likely to be critically important to manage in order to maintain 
current water quality or to improve future water quality.  

Table 5.5.  List of potential Agricultural Management Measures.  The type of measure, the 
approximate costs for each measure, and the NPS parameter treated by the specific 
management measure, are provided. 

 

In addition to management practices related to specific LULC types within the Sink Creek – 
Spring Lake watershed, there is likely some need to establish some watershed-scale 
sedimentation management strategies (Table 5.6).  Soils in the Sink Creek watershed are thin, 
porous, and easily eroded (Battle 1984).  Currently, there are multiple flood retention 

Example Measures Approx. Costs NPS Parameters Treated 

Land Conservation Management 
Strategies 

  

Conservation Easement $3,000-$10,000  for agreement 
development and consulting fees 

Nutrients, Bacteria, TSS 

Purchase of Conservation Area Land purchase = $8,500.00/acre 
with $750/year maintain costs 

Nutrients, Bacteria, TSS 

Example Measures Approx. Costs NPS Parameters Treated 

Agricultural Management Measures   

Livestock Water Quality Management 
Plan 

$10,000/plan Nutrients, Bacteria, TSS 

Alternative Shade Structures $75/head Nutrients, Bacteria, TSS 

Grazing Management Strategies Prescribed grazing = $5.00/acre Nutrients, Bacteria, TSS 

Groundcover Establishment Range planting = $17.00-
$90.00/acre 

TSS 

Riparian Fencing $2.00/foot Nutrients, Bacteria, TSS 
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structures in the Sink Creek watershed (Figure 5.3) and these structures are highly like to retain 
a great deal of eroded sediment and prevent its export to Spring Lake.  However, there is still a 
substantial amount of watershed area located downstream from the last flood retention 
structure and watershed scale management measures such as the presence of riparian buffer 
areas and controlled burns may be effective strategies to prevent water quality issues 
associated with soil erosion and export.  

Table 5.6.  List of potential Sedimentation Management Measures.  The type of measure, the 
approximate costs for each measure, and the NPS parameter treated by the specific 
management measure, are provided. 

Example Measures Approx. Costs NPS Parameters Treated 

Sedimentation Management Measures   

Alternative Brush Control – Prescribed 
Burning 

$20/acre (total) TSS 

Riparian Buffer Areas EQUIP average = $130.00/river 
mi; $70-$170/acre 

Water quantity, TSS, Oil 
and grease, Heavy 
metals, Velocity 
flows/flooding, Nutrients 
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Figure 5.3.  The Upper San Marcos River Watershed, with the major flood retention structures 
indicated in red. The City of San Marcos is shown in the south eastern corner of the map.  

The final group of management measures is related to non-domesticated animals and wildlife 
in the watershed (Table 5.7).  The Sink Creek – Spring Lake watershed is largely undeveloped 
rangeland and is likely to contain substantial populations of deer and feral pigs.  Actual census 
data on deer and pigs in the watershed are not available; however, previous studies have 
assumed that Hill Country watersheds contain 1 deer per every 3 acres and 1 hog per 75 acres 
(RSI 2010).  Given these density estimates, there would be >10,000 deer and >400 feral pigs in 
the Sink Creek watershed; however, the contribution of deer and pigs to the loading of 
nutrients and bacteria to Sink Creek and the local groundwater pool is currently unknown.  In 
addition, there are no estimates on the number of waterfowl in Spring Lake or their 
contribution to the loading of nutrients and bacteria to the USMR.   
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Table 5.7.  List of potential Non-Domesticated Animal and Wildlife Management Measures.  
The type of measure, the approximate costs for each measure, and the NPS parameter treated 
by the specific management measure, are provided. 

Example Measures Approx. Costs NPS Parameters Treated 

Non-Domesticated Animal and Wildlife 
Measures 

  

Urban Wildlife Management – Deer Census cost + subsequent 
solutions 

Nutrients, bacteria 

Waterfowl Management Census cost + subsequent 
solutions 

Nutrients, bacteria 

5.3 Stakeholder Opinions on Watershed Management Options 
 

On July 9, 2012, the water quality data related to nutrients, sediments, and bacteria to Spring 
Lake and the local groundwater pool were presented to the USMRCG stakeholders.  In addition, 
we presented the calculated (estimated) proportional loadings of different LULC types in the 
Sink Creek watershed to Spring Lake and the local groundwater.  After the presentation, the 
lists of various management measure examples (Tables 5.1 – 7) were discussed with the 
stakeholders.  The stakeholders were given 6 vote stickers, and one urgency sticker. 
Stakeholders were then asked to vote on which broad categories of management measures 
(e.g., Agricultural, Land Conservation, Urban and Stormwater Management, Wastewater, Low 
Impact Development, Sedimentation, and Non-Domestic/Wildlife Measures) were most critical 
for the Spring Lake – Sink Creek watershed. They were able to distribute their 6 stickers in any 
way they chose.  In addition, stakeholders were asked to pick one particular management 
measure category as being “Urgent”.   

In total, there were 72 votes cast for the various management measures, with Land 
Conservation receiving the highest number of votes (21), followed by Urban and Stormwater 
(17), Low Impact Development for Sedimentation (12), Sedimentation (10), Wastewater (6), 
Agriculture (4), and Non-Domestic and Wildlife Management measures (2) (Figure 5.4a).  In 
addition, Land Conservation measures received the highest number of “Urgent” votes (4) and 
Urban and Stormwater had 3 “Urgent” votes (Figure 5.4b); all other management measure 
categories received no “Urgent” votes.   
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Figure 5.4.  Results of polling of the stakeholders in the Upper San Marcos River Coordinating 
Group about management measures they would like to see in the watershed.  (a) Number of 
votes for the importance of the various categories of management measures, (b) number of 
votes indicating the urgency of management measures in the Spring Lake – Sink Creek 
watershed.  LUC = Land Use Conservation, USM = Urban and Stormwater, LIDS = Low Impact 
Development and Sedimentation, SM = Sedimentation Measures, WW = Wastewater, AG = 
Agricultural, and ND/W = Non-Domesticated Animals and Wildlife Measures.   

 

5.4 Public Participation Progress Report 
 
Task 10.3 Receive Approval of the Final Report from the Stakeholder Group – Meadows 

Center presented the Draft Watershed Characterization and Management 
Recommendations Report to the Stakeholder Group for review and approval.  
The Meadows Center will respond to comments provided by the Stakeholder 
Group. 

March 21, 2012 meeting: Draft Watershed Characterization was commented upon and 
comment period was opened to close by April 11, 2012.  

April 18, 2012 meeting: Draft Watershed Characterization comments were responded to and 
incorporated in the document.  

August 15, 2012 meeting: Comment periods for Management Recommendations Report, 
Loadings Report and opened to be closed by August 22, 2012.  

October 17, 2012 meeting: Review of comments for Management Measures Recommendations 
Report and Identification of Causes and Sources of Pollution and Estimation of 
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Pollutant Loads Report  
November 13, 2012 by Email correspondence: Data Collection and Analysis Report comment 

period opened until November 27, 2012. 
December 7, 2012 by Email correspondence: Final Report comment period opened until 

December 12, 2012.  
December 13, 2012 meeting: review of comments for Data Collection and Analysis Report and 

Final Report  
Task 10.4 Present Final Report to Relevant Officials – Meadows Center presented the 

Final Watershed Characterization and Management Recommendations Report to 
local officials and programs which provide potential sources of funding for 
education and support on December 13, 2012 at the Final Meeting and 
Presentation between 7-9 pm at the City Park Rec Hall. The plan was approved.  

 
Task 10.5 Present Final Report to the Public – Meadows Center will presented the Final 

Watershed Characterization and Management Recommendations Report to the 
public for education and support on December 13, 2012 at the Final Meeting and 
Presentation between 7-9 pm at the City Park Rec Hall. The plan was approved.  

 

5.5 Summary and Recommendations 
 

In this portion of the report, we provided information on specific management 
recommendations for the Spring Lake – Sink Creek watershed, as well as the opinions of the 
watershed stakeholders (the USMRCG).  We concluded that management measures associated 
with conservation strategies, urban/residential development, and watershed-level 
sedimentation were the most important to consider.  In general, the stakeholder group agreed 
with our assessment and ranked conservation measures as the most important and most 
urgent management strategies for the Spring Lake – Sink Creek watershed.  The specific 
management measures that may be used to preserve or improve the current water quality of 
Spring Lake and the USMR are broadly defined in this report and stakeholder involvement is 
critical for future decision making-processes on which specific measures to use. 

Preservation of water quality and quantity in Spring Lake and the USMR requires an integrated 
management plan that incorporates both surface- and groundwater, spans agency jurisdictions, 
allows for stakeholder involvement, and maintains the sometimes difficult balance between 
natural resource management and economic development. Future portions of the Spring Lake 
Watershed Characterization and Recommendations Project, including the periodic collection of 
water quality data and the determination of NPS loads associated with storm events from the 
Sink Creek watershed will play a vital role in initiating the generation of such a management 
plan. 
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6.0 Final Conclusions 

6.0.1 Watershed Characterization 

Sink Creek plays an important role in determining nutrient and sediment inputs to Spring Lake 
and the Upper San Marcos River, as well as the Edwards Aquifer that supplies groundwater to 
Spring Lake. Spring Lake, home to the 2nd largest spring system Texas, receives substantial 
groundwater from both local- and regionally-derived sources within the Edwards Aquifer. Thus, 
the high degree of surface- and ground-water connectivity makes the relationship between 
non-point source pollution loading and groundwater within the Edwards Aquifer recharge zone 
relevant to pollution dynamics in Spring Lake. The recharge zone and the Sink Creek watershed 
have undergone major shifts from forests to grasslands, as well as increased urbanization, 
between 1992 and 2006; a trend that is continuing. Human development on or near the 
recharge zone is likely to lead to decreasing water quality through increased amounts of 
recharge and surface water derived from urban stormflows, and the non-point source pollution 
inputs associated with urban and disturbed lands. 

6.0.2 Data Collection & Analyses 
Data were collected to characterize spatial and temporal properties of water quality in the 
Spring Lake watershed. Currently, the largest source of pollutants is due to stormwater entering 
the Spring Lake System. The stormwaters entering Spring Lake and the Upper San Marcos River 
via Sink Creek and the Slough Arm are dominated by urban runoff from the northern edge of 
the City of San Marcos (between Limekiln Road and the lower flood control dam) and urban 
runoff from watersheds along and near Post Road. Data indicates that nutrients, sediment, and 
other contaminants affect the Slough Arm of Spring Lake for longer periods than the Spring 
Arm. This is because sediment and nutrient rich stormwaters stagnate in the Slough Arm after 
storm events. These stormflows also have an impact on the San Marcos River below Spring 
Lake. 

6.0.3 Estimation of Pollutant Loads           

The results from calculations of per-acre yields from the different land use types indicate that 
conversion of the dominant land use types in the watershed (undeveloped/open and 
rangeland) to more intense human impact land uses (residential, commercial, cropland, and/or 
industrial land uses) generally increase the nutrient, bacterial, and metal yields from the 
watershed. 

6.0.4 Mission & Goals of the Stakeholder Group 

The Upper San Marcos Coordinating Group was formed several years ago to represent many 
categories of stakeholders in the San Marcos region regarding water resource issues. Their 
mission is to restore and preserve the natural integrity of the Upper San Marcos Watershed 
through research, education and stewardship. 

Goals: 

- Develop, coordinate, and implement watershed protection planning activities 
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- Protect water quality and optimal spring flows for current and future generations 

- Broaden and enlighten civic engagement in watershed management activities 

- Increase awareness of the influence human activities have on the intricate web of 
biological relationships found within the watershed 

6.0.5 Management Measures 

The stakeholder group concluded that the most important management measures, which aim 
to improve current water quality, include land conservation strategies, mitigation practices 
within areas of urban/residential development, and mitigation of sedimentation. The specific 
management measures that may be used to preserve or improve the water quality of Spring 
Lake and the Upper San Marcos River depend on further stakeholder involvement in the 
decision making-processes. 

6.0.6 Next Steps 

The Upper San Marcos Watershed Initiative is a 3-year Watershed Protection Planning process 
which will allow the community to protect and restore water quality in our local river and 
creeks. A holistic and stakeholder driven approach will result in a plan that incorporates 
science, education, and voluntary action. The plan will include a watershed characterization of 
the entire Upper San Marcos River watershed (above the confluence with the Blanco River), 
pollutant load estimations, identification of the management measures needed, an 
implementation and funding plan for those management activities, and an education and 
outreach component. 

6.0.7 Grant Completion 
All tasks and deliverables detailed in the Scope of Work for this project have been completed. 
Major sections of this report represent deliverable for many of the individual tasks, and this 
Final Report represents the final deliverable. 
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Appendix 1.   Data Inventory 
Type Data Description Dates Source Coverage/Resolution Data Quality

METEOROLOGY

Precipitation
Daily, monthly, and annual PCP for San 

Marcos
04/1893 - 11/2011

http://www.ncdc.noaa.gov/cdo-

web/search#t=secondTabLink
1 site in watershed High, some gaps

Temperature Daily mean, min, max for San Marcos 04/1893 - 11/2011
http://www.ncdc.noaa.gov/cdo-

web/search#t=secondTabLink
1 site in watershed High, some gaps

Evaporation Daily evaporation for Canyon Lake Dam 06/1961 - 10/2007 http://www7.ncdc.noaa.gov/CDO/cdo#TOP 1 site outside watershed High, some gaps

Wind Daily wind for Canyon Lake Dam 06/1961 - 10/2007 http://www7.ncdc.noaa.gov/CDO/cdo#TOP 1 site outside watershed High, some gaps

SURFACE WATER

Quality and Quantity

Real time, hourly, daily, and mean 

flow/dischrage at San Marcos River at 

Aquarena Drive 

07/1915 - Current
http://waterdata.usgs.gov/tx/nwis/uv/?site_

no=08170500&PARAmeter_cd=00065,00060
1 site in watershed High, some gaps

Monthly flow statistics at San Marcos River 07/1915 - Current
http://waterdata.usgs.gov/tx/nwis/uv/?site_

no=08170500&PARAmeter_cd=00065,00060
1 site in watershed High

Annual statistics at San Marcos River 07/1915 - Current
http://waterdata.usgs.gov/tx/nwis/uv/?site_

no=08170500&PARAmeter_cd=00065,00060
1 site in watershed High

Water quality of Upper San Marcos River 07/1994 - 08/1994 http://pubs.usgs.gov/fs/Fs05997/05997.pdf 1 site in watershed
High, limited 

period

Water quality of Upper San Marcos River 12/2001 - 11/2008

http://www.tceq.texas.gov/assets/public/co

mpliance/monops/water/10twqi/2010_basin

18.pdf

4 sites in watershed High
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Type Data Description Dates Source Coverage/Resolution Data Quality
SURFACE WATER

Water quality of Upper San Marcos River 03/1998 - 06/2011
http://www.gbra.org/documents/crp/data/2

3wqitbl-sm-ih35.pdf
1 site in watershed Quarterly data

Water quality of Upper San Marcos River, 

including several tributaries - Purgatory 

Creek, Sessom Creek, and Sink Creek

Variable

http://nwis.waterdata.usgs.gov/tx/nwis/qw

data?search_station_nm=san%20marcos&sea

rch_station_nm_match_type=anywhere&for

mat=station_list&sort_key=site_no&group_k

ey=NONE&inventory_output=0&rdb_invento

ry_output=file&TZoutput=0&pm_cd_compar

e=Greater%20than&radio_parm_cds=all_par

m_cds&qw_attributes=0&qw_sample_wide=

wide&rdb_qw_attributes=0&date_format=YY

YY-MM-

DD&rdb_compression=file&list_of_search_cr

iteria=search_station_nm

4 sites in watershed
High, inconsistent 

data intervals

Water quality of Upper San Marcos River 1994 - 1997
http://www.tpwd.state.tx.us/publications/p

wdpubs/media/pwd_rp_t3200_1087.pdf
5 sites in watershed

High, inconsistent 

data intervals

Water quality of Upper San Marcos River 2001 - 2006 http://data.crwr.utexas.edu/tceq.html 3 sites in watershed
High, inconsistent 

data intervals

GROUNDWATER

Subsurface Geology Subsurface geology and faults 2005
http://www.edwardsaquifer.org/display_sci

ence_research_m.php?pg=reports
High

Quality and Quantity
Instantaneous field measurements for San 

Marcos Springs
1/1983 - 9/1997

http://waterdata.usgs.gov/tx/nwis/uv?searc

h_site_no=08170000&search_site_no_match_

type=exact&format=station_list&sort_key=si

te_no&group_key=NONE&range_selection=d

ays&period=7&date_format=YYYY-MM-

DD&rdb_compression=file&list_of_search_cr

iteria=search_site_no%2Crealtime_paramete

r_selection

1 site in watershed
High, inconsistent 

data intervals
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Type Data Description Dates Source Coverage/Resolution Data Quality
GROUNDWATER

Annual statistics for San Marcos Springs 2005 - 2010

http://waterdata.usgs.gov/tx/nwis/uv?searc

h_site_no=08170000&search_site_no_match_

type=exact&format=station_list&sort_key=si

te_no&group_key=NONE&range_selection=d

ays&period=7&date_format=YYYY-MM-

DD&rdb_compression=file&list_of_search_cr

iteria=search_site_no%2Crealtime_paramete

r_selection

1 site in watershed High

Real time, daily, monthly, and annual 

groundwater level network at Kyle, TX
06/2000 - Current

http://groundwaterwatch.usgs.gov/AWLSites

.asp?S=295858097521801&ncd=rtn
1 site outside watershed High

Real time, daily, monthly, and annual 

groundwater level data for Edwards Aquifer 

wells

Variable http://waterdata.usgs.gov/tx/nwis/gw Sites outside watershed
High, inconsistent 

data intervals

Groundwater water quality at Kyle, TX 1/1999 - 5/2003
http://nwis.waterdata.usgs.gov/usa/nwis/q

wdata/?site_no=295858097521801
1 site outside watershed

High, inconsistent 

data intervals

San Marcos Springs water flows and 

groundwater levels at Edwards Aquifer 

wells

Variable start date to 

Currrent

http://www.edwardsaquifer.org/chart_level

s.php

1 site in watershed and 

three sites outside of 

watershed

High, some gaps
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Appendix 2.  NLCD 1992 Land Cover Class Definitions 
 

10. Water - All areas of open water or permanent ice/snow cover. 
11. Open Water - all areas of open water, generally with less than 25% cover of vegetation/land cover. 
12. Perennial Ice/Snow - all areas characterized by year-long surface cover of ice and/or snow. 
20. Developed - Areas characterized by a high percentage (30 percent or greater) of constructed 
materials (e.g. asphalt, concrete, buildings, etc). 
21. Low Intensity Residential - Includes areas with a mixture of constructed materials and vegetation. 
Constructed materials account for 30-80 percent of the cover. Vegetation may account for 20 to 70 
percent of the cover. These areas most commonly include single-family housing units. Population 
densities will be lower than in high intensity residential areas. 
22. High Intensity Residential - Includes highly developed areas where people reside in high numbers. 
Examples include apartment complexes and row houses. Vegetation accounts for less than 20 percent of 
the cover. Constructed materials account for 80 to100 percent of the cover. 
23. Commercial/Industrial/Transportation - Includes infrastructure (e.g. roads, railroads, etc.) and all 
highly developed areas not classified as High Intensity Residential. 
30. Barren - Areas characterized by bare rock, gravel, sand, silt, clay, or other earthen material, with 
little or no "green" vegetation present regardless of its inherent ability to support life. 
Vegetation, if present, is more widely spaced and scrubby than that in the "green" vegetated categories; 
lichen cover may be extensive. 
31. Bare Rock/Sand/Clay - Perennially barren areas of bedrock, desert pavement, scarps, talus, slides, 
volcanic material, glacial debris, beaches, and other accumulations of earthen material. 
32. Quarries/Strip Mines/Gravel Pits - Areas of extractive mining activities with significant surface 
expression. 
33. Transitional - Areas of sparse vegetative cover (less than 25 percent of cover) that are dynamically 
changing from one land cover to another, often because of land use activities. Examples include forest 
clearcuts, a transition phase between forest and agricultural land, the temporary clearing of vegetation, 
and changes due to natural causes (e.g. fire, flood, etc.) 
40. Forested Upland - Areas characterized by tree cover (natural or semi-natural woody vegetation, 
generally greater than 6 meters tall); tree canopy accounts for 25-100 percent of the cover. 
41. Deciduous Forest - Areas dominated by trees where 75 percent or more of the tree species shed 
foliage simultaneously in response to seasonal change. 
42. Evergreen Forest - Areas dominated by trees where 75 percent or more of the tree species` maintain 
their leaves all year. Canopy is never without green foliage. 
43. Mixed Forest - Areas dominated by trees where neither deciduous nor evergreen species represent 
more than 75 percent of the cover present. 
50. Shrubland - Areas characterized by natural or semi-natural woody vegetation with aerial stems, 
generally less than 6 meters tall, with individuals or clumps not touching to interlocking. 
Both evergreen and deciduous species of true shrubs, young trees, and trees or shrubs that are small or 
stunted because of environmental conditions are included. 
51. Shrubland - Areas dominated by shrubs; shrub canopy accounts for 25-100 percent of the cover. 
Shrub cover is generally greater than 25 percent when tree cover is less than 25 percent. Shrub cover 
may be less than 25 percent in cases when the cover of other life forms (e.g. herbaceous or tree) is less 
than 25 percent and shrubs cover exceeds the cover of the other life forms. 
60. Non-Natural Woody - Areas dominated by non-natural woody vegetation; non-natural woody 
vegetative canopy accounts for 25-100 percent of the cover. The non-natural woody 
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classification is subject to the availability of sufficient ancillary data to differentiate non-natural woody 
vegetation from natural woody vegetation. 
61. Orchards/Vineyards/Other - Orchards, vineyards, and other areas planted or maintained for the 
production of fruits, nuts, berries, or ornamentals. 
70. Herbaceous Upland - Upland areas characterized by natural or semi-natural herbaceous vegetation; 
herbaceous vegetation accounts for 75-100 percent of the cover. 
71. Grasslands/Herbaceous - Areas dominated by upland grasses and forbs. In rare cases, herbaceous 
cover is less than 25 percent, but exceeds the combined cover of the woody species present. These 
areas are not subject to intensive management, but they are often utilized for grazing. 
80. Planted/Cultivated - Areas characterized by herbaceous vegetation that has been planted or is 
intensively managed for the production of food, feed, or fiber; or is maintained in 
developed settings for specific purposes. Herbaceous vegetation accounts for 75-100 percent of the 
cover. 
81. Pasture/Hay - Areas of grasses, legumes, or grass-legume mixtures planted for livestock grazing or 
the production of seed or hay crops. 
82. Row Crops - Areas used for the production of crops, such as corn, soybeans, vegetables, tobacco, 
and cotton. 
83. Small Grains - Areas used for the production of graminoid crops such as wheat, barley, oats, and 
rice. 
84. Fallow - Areas used for the production of crops that do not exhibit visable vegetation as a result of 
being tilled in a management practice that incorporates prescribed alternation between cropping and 
tillage. 
85. Urban/Recreational Grasses - Vegetation (primarily grasses) planted in developed settings for 
recreation, erosion control, or aesthetic purposes. Examples include parks, lawns, golf courses, airport 
grasses, and industrial site grasses. 
90. Wetlands - Areas where the soil or substrate is periodically saturated with or covered with water. 
91. Woody Wetlands - Areas where forest or shrubland vegetation accounts for 25-100 percent of the 
cover and the soil or substrate is periodically saturated with or covered with water. 
92. Emergent Herbaceous Wetlands - Areas where perennial herbaceous vegetation accounts for 75-
100 percent of the cover and the soil or substrate is periodically saturated with or covered with water. 
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Appendix 3.  NLCD 2001 and 2006 Land Cover Class Definitions 
 
10. Water - All areas of open water or permanent ice/snow cover. 
11. Open Water - All areas of open water, generally with less than 25% cover of vegetation or soil. 
12. Perennial Ice/Snow - All areas characterized by a perennial cover of ice and/or snow, generally 
greater than 25% of total cover. 
20. Developed - Areas characterized by a high percentage (30 percent or greater) of constructed 
materials (e.g. asphalt, concrete, buildings, etc). 
21. Developed, Open Space - Includes areas with a mixture of some constructed materials, but mostly 
vegetation in the form of lawn grasses. Impervious surfaces account for less than 20 percent of total 
cover. These areas most commonly include large-lot single-family housing units, parks, golf courses, and 
vegetation planted in developed settings for recreation, erosion control, or aesthetic purposes. 
22. Developed, Low Intensity - Includes areas with a mixture of constructed materials and vegetation. 
Impervious surfaces account for 20-49 percent of total cover. These areas most commonly include 
single-family housing units. 
23. Developed, Medium Intensity - Includes areas with a mixture of constructed materials and 
vegetation. Impervious surfaces account for 50-79 percent of the total cover. These areas most 
commonly include single-family housing units. 
24. Developed, High Intensity - Includes highly developed areas where people reside or work in high 
numbers. Examples include apartment complexes, row houses and commercial/industrial. Impervious 
surfaces account for 80 to100 percent of the total cover. 
30. Barren - Areas characterized by bare rock, gravel, sand, silt, clay, or other earthen material, with 
little or no "green" vegetation present regardless of its inherent ability to support life. Vegetation, if 
present, is more widely spaced and scrubby than that in the "green" vegetated categories; lichen cover 
may be extensive. 
31. Barren Land (Rock/Sand/Clay) - Barren areas of bedrock, desert pavement, scarps, talus, slides, 
volcanic material, glacial debris, sand dunes, strip mines, gravel pits and other accumulations of earthen 
material. Generally, vegetation accounts for less than 15% of total cover. 
40. Forested Upland - Areas characterized by tree cover (natural or semi-natural woody vegetation, 
generally greater than 6 meters tall); tree canopy accounts for 25-100 percent of the cover. 
41. Deciduous Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than 
20% of total vegetation cover. More than 75 percent of the tree species shed foliage simultaneously in 
response to seasonal change. 
42. Evergreen Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than 
20% of total vegetation cover. More than 75 percent of the tree species maintain their leaves all year. 
Canopy is never without green foliage. 
43. Mixed Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than 20% 
of total vegetation cover. Neither deciduous nor evergreen species are greater than 75 percent of total 
tree cover. 
50. Shrubland - Areas characterized by natural or semi-natural woody vegetation with aerial stems, 
generally less than 6 meters tall, with individuals or clumps not touching to interlocking. 
Both evergreen and deciduous species of true shrubs, young trees, and trees or shrubs that are small or 
stunted because of environmental conditions are included. 
51. Dwarf Scrub - Alaska only areas dominated by shrubs less than 20 centimeters tall with shrub 
canopy typically greater than 20% of total vegetation. This type is often co-associated with grasses, 
sedges, herbs, and non-vascular vegetation.  
52. Shrub/Scrub - Areas dominated by shrubs; less than 5 meters tall with shrub canopy typically greater 
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than 20% of total vegetation. This class includes true shrubs, young trees in an early successional stage 
or trees stunted from environmental conditions.  
70. Herbaceous Upland - Upland areas characterized by natural or semi-natural herbaceous vegetation; 
herbaceous vegetation accounts for 75-100 percent of the cover. 
71. Grassland/Herbaceous - Areas dominated by grammanoid or herbaceous vegetation, generally 
greater than 80% of total vegetation. These areas are not subject to intensive management such as 
tilling, but can be utilized for grazing. 
72. Sedge/Herbaceous - Alaska only areas dominated by sedges and forbs, generally greater than 80% 
of total vegetation. This type can occur with significant other grasses or other grass like plants, and 
includes sedge tundra, and sedge tussock tundra. 
73. Lichens - Alaska only areas dominated by fruticose or foliose lichens generally greater than 80% of 
total vegetation. 
74. Moss - Alaska only areas dominated by mosses, generally greater than 80% of total vegetation. 
80. Planted/Cultivated - Areas characterized by herbaceous vegetation that has been planted or is 
intensively managed for the production of food, feed, or fiber; or is maintained in 
developed settings for specific purposes. Herbaceous vegetation accounts for 75-100 percent of the 
cover. 
81. Pasture/Hay - Areas of grasses, legumes, or grass-legume mixtures planted for livestock grazing or 
the production of seed or hay crops, typically on a perennial cycle. Pasture/hay vegetation accounts for 
greater than 20 percent of total vegetation. 
82. Cultivated Crops - Areas used for the production of annual crops, such as corn, soybeans, 
vegetables, tobacco, and cotton, and also perennial woody crops such as orchards and vineyards. Crop 
vegetation accounts for greater than 20 percent of total vegetation. This class also includes all land 
being actively tilled. 
90. Woody Wetlands - Areas where forest or shrubland vegetation accounts for greater than 20 percent 
of vegetative cover and the soil or substrate is periodically saturated with or covered with water. 
95. Emergent Herbaceous Wetlands - Areas where forest or shrubland vegetation accounts for greater 
than 20 percent of vegetative cover and the soil or substrate is periodically saturated with or covered 
with water. 
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Appendix 4.  Challenges and Lessons Learned 
 

A number of challenges were encountered during the project, and several lessons were learned 
as a result. These lessons may help with planning and execution of the upcoming WPP. 

1) Weather related challenges: during the first two years of the project, it became 
apparent that it was unlikely that the watershed would experience enough large storm 
events to allow the planned frequency of stormflow sampling in Sink Creek. To address 
this, the team changed the sampling strategy to increase the number of Routine 
Samples collected, as well as to potentially collect additional samples before and after 
large storm events. Because much of the nutrient and contaminant loading occurred as 
a result of stormwater runoff, determining the effects of stormflows was deemed a high 
priority. Future studies should consider emphasizing sampling immediately before, 
during, and after stormflows, as this is a better use of resources than high frequency 
sampling of baseflows in the river, which are of generally high water quality. 
  

2) Additional water quality measurements: E. coli was added to the list of analyses 
performed on Routine and Targeted Flow samples. This was added following discussion 
with staff working on other watershed characterization projects, because it is an 
important indicator of water quality and is of interest in the San Marcos River, which 
experiences a large amount of primary recreational use. It is recommended that future 
sampling work in the watershed should also include analysis for E. coli. 

 
3) Engaging stakeholders: Although the stakeholder group was dedicated, interactive, and 

engaged, it did not fully represent the spectrum of stakeholders in the watershed. In 
particular, planners, developers, and decision makers that influence or control any 
future changes in land use in the watershed were not well represented. Future 
stakeholder meetings should focus on engaging individuals who represent each of these 
and several other important groups of stakeholders in the watershed. As part of any 
efforts to include additional future stakeholders, it was suggested that alternate or 
variable meeting times be considered, and that meals be provided for some evening 
meetings. 

 
4) Contracting and QAPP process: The contracting process and the writing and approval of 

a QAPP took longer than anticipated. These reasons for the delays can generally be 
grouped into two major categories: 1) scientific staff learning the procedures for 
developing these documents, and 2) changes in document formatting and TCEQ staff 
during the contract and QAPP processes. In future projects, if they are not experienced 
with contract and QAPP writing, staff should consider recruiting  additional personnel 
who are experienced with, and who’s time can be more fully allocated to, the process of 
QAPP writing and revisions. 
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5) EPA/TCEQ Quality Assurance and Data Submittal process:  For reasons similar to those 
outlined in #4 above, these processes took longer to perform than expected. Future 
projects should consider recruiting staff who have experience with the data formatting 
and submittal process.  

 


