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EXECUTIVE SUMMARY

Senate Bill 2, enacted in 2001 by the 77th Texas Legislature, established the Texas Instream
Flow Program (TIFP). The purpose of the TIFP is to perform scientific studies to determine
flow conditions necessary to support a sound ecological environment in the rivers and
streams of Texas. These studies consist of multi-disciplinary assessments of biology,
hydrology, water quality, geomorphology, and connectivity (where possible). Flow
conditions are framed in the form of flow regimes comprising several components:
subsistence, base flows, high flow pulses, and overbanking flows. Table ES-1 provides basic
definitions of flow components and examples of riverine processes supported by each.

Table ES-1. Ecological processes supported by instream flow components of the middle and

lower Brazos River.

Component Hydrology | Geomorphology Biology Water Quality | Connectivity
Subsistence Infrequent, Increase Provide Maintain Provide
flows low flows deposition of limited adequate limited

fine and organic | aquatic levels of connectivity
particles habitat dissolved along the
Maintain oxygen, le.:ngth of the
. temperature, river
populations
. and o
of organisms . Maintain
constituent 1
capable of . longitudinal
. concentrations ..
repopulating . connectivity
(particularly
system when .
nutrients)
favorable
conditions
return
Base flows Average flow | Maintain soil Provide Provide Provide
conditions, moisture and suitable suitable in- connectivity
including groundwater aquatic channel water |along channel
intra- and table in riparian | habitat for quality corridor
inter-annual areas all life stages
variability Maintain a ;)f :Cai’;l:e
diversity of P
habitats
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Table ES-1 (cont). Ecological processes supported by instream flow components of the
middle and lower Brazos River.

Component Hydrology | Geomorphology Biology Water Quality | Connectivity
High flow In-channel, Maintain Provide Restore normal | Provide
pulses short duration, | channel and spawning water quality | connectivity to

high flows substrate cues for conditions near-channel
characteristics some species | after water bodies
Prevent prolgnged Maintain
subsistence or
encroachment of water table
o low base flows )
riparian levels in
vegetation floodplain and
soil moisture
for plants
Overbank Infrequent, Provide lateral Provide Restore water | Provide
flows high flows that | channel migration quality in connectivity to
exceed the movement, an and floodplain floodplain and
channel important source | spawning water bodies | estuary
of coarse cues for
material for some species
channel Provide
Form new access to
habitats floodplain
Flush organic habitats
material into Maintain
channel diversity of
Transport rpanan
vegetation

nutrients and
sediment to
floodplain and
estuary




The Brazos River Basin is one of the largest river basins in Texas, spanning six ecoregions as
it flows from its headwaters in New Mexico to its outlet at the Gulf of Mexico. The TIFP study
area of the middle and lower Brazos River remains unimpounded; however, river flows in
the study area are regulated by upstream and tributary reservoirs which supply water to
municipal and industrial users, generate hydropower, provide flood control, and create
recreation opportunities for the public. The middle and lower Brazos River supports a rich
ecological community that relies on the quality, quantity, and timing of water moving
through the system.

Stakeholder involvement was integral in the planning of the TIFP study. The overall goal or
vision agreed upon by stakeholders was for the sub-basin to be “a middle and lower Brazos
River that provides for sustainable environmental, economic, and social uses”. Through a
series of public meetings, the TIFP developed study specific objectives, indicators, and a study
design. The TIFP study of the middle and lower Brazos River includes activities related to the
five major disciplines: biology, hydrology, water quality, geomorphology, and connectivity.
Appendices provide information on each discipline and TIFP responses to stakeholder
comments.

Study activities were carried out to
identify flow-ecology relationships

related to a flow regime supportive A high quality, natural environment is essential for

of a sound ecological environment. conserving the quality of life Texans, future generations
Results from completed and ongoing of Texans, and visitors to this state enjoy. Intact and
tud d dat llecti ffort functioning ecosystems are also critical for maintaining a
study an ata collecuon etrorts strong state economy. Healthy aquatic systems that
related to the middle and lower maintain biological integrity are essential to conserve the
Brazos River were utilized to the state’s natural biodiversity, as well as support tourism,

recreational pursuits, commercial and recreational

extent possible. Subsistence flow fisheries, and a myriad of other industries.

recommendations were based on
aquatic habitat, water quality, and
temperature. Base flow
recommendations were based on
aquatic  habitat versus flow
relationships developed from six intensive study sites and the water quality analysis related
to mussel recruitment. Pulse and overbank flow recommendations were based on riparian
flow ecology relationships identified at six field sites. Timing and duration of pulse and
overbank flow recommendations were informed by life history requirements of focal riparian
species, floodplain spawning fish, and flows necessary to support oxbow connectivity. Based
on analysis at the most downstream study site (Allens Creek), flow recommendations were
also made to support sediment transport processes that maintain the river channel and
instream habitats, assuming a geomorphically stable channel exists or could be achieved in
the near future. It is important to note that the current channel of the lower Brazos River is
not geomorphically stable but is incising at a rate of more than a foot per decade near
Richmond and Rosharon. The cause of this ongoing incision does not appear to be alteration
of the flow regime or the impact of upstream reservoirs. Rather, the source appears to be more
recent (since 1980) with impacts emanating from the lower portion of the river. Identifying
the cause or causes of this incision is beyond the scope of this study. However, if the ongoing
incision is not reduced or eliminated, it will have an adverse impact on the environmental
benefit of the recommended flow regime. Left unchecked, the ongoing incision will reduce or

TIFP, 2002
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negate the environmental benefit of flows intended to benefit instream habitats, riparian areas
and/or provide connectivity to oxbow lakes and other floodplain habitats.

Final flow recommendations are provided for six sites (Figure 65-Figure 70). Flow regime
recommendations were generally consistent with modern and historical flow records (pre-
reservoir) but in some cases the recommended flows occur less frequently in the more recent
period than they occurred in the past. However, if these flow levels occur in the lower and
middle Brazos River, the predicted ecological benefits, such as those outlined in Table ES-1
will be supported. Further, a monitoring program is recommended to evaluate the
effectiveness of these recommendations and may provide additional information that could
result in modifications or revisions to these flow regime recommendations.
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1 INTRODUCTION

The Brazos River basin is one of the most diverse river basins in the state, spanning six ecoregions;
rainfall conditions that vary from a mean average of six inches per year in headwater areas to
more than 50 inches per year near its mouth (HDR 2001). The Brazos River flows for 1,280 miles
(2,060 km) (Kammerer 1990) southeast and discharges into the Gulf of Mexico at Freeport, Texas.
The Brazos River ranks second only to the Mississippi River in terms of sediment load delivered
to the Gulf of Mexico, where it forms a wave-dominated delta (Carlin 2013). The Brazos River
main stem and tributaries have been altered by construction of 17 major reservoirs for flood
control and water supply (Brazos BBEST 2012). Although the middle and lower Brazos River
remains unimpounded, flows are regulated by these upstream and tributary reservoirs. Along
the way, the middle and lower Brazos passes through four ecoregions (Gould et al. 1960): a small
extent of Cross Timbers and Prairies at the upper end, alternating bands of Blackland Prairie and
Post Oak Savannah, and finally Gulf Prairies and Marshes at the lower end. The middle and
lower Brazos River supports a diverse ecological community that relies on the quality, quantity,
and timing of water moving through the system. Historical discharge records indicate highest
flows generally occur during winter and spring (Zeug and Winemiller 2008a); however,
unpredictable rainstorms can generate high flow pulses and overbanking flows during any time
of year.

The hydrology of the middle and lower Brazos has been affected by the operation of reservoirs
which were constructed in the upper watershed as early as 1920. Typical impacts of reservoir
development include a reduction in the magnitude and frequency of large flood events and an
increase in the magnitude of low flows. Downstream of Waco, tributaries (Little Brazos River,
Little River, Yegua Creek and the Navasota River), unregulated areas, and water supply
operations contribute to the river’s flow, reducing the impacts of reservoirs. The flow of the
middle and lower Brazos River continues to be variable with the seasons and responsive to
precipitation patterns within the sub-basin.

The middle and lower Brazos River sub-basin has undergone several transformations over the
past century. Native landscapes have given way to agriculture, the primary land use in the sub-
basin. Urban areas have developed, including Waco, Bryan/ College Station, and suburban areas
in Fort Bend and Brazoria counties that are part of the Houston metropolitan area. Mining and
industry have developed in areas such as Grimes and Brazoria counties. Dams have been
constructed on many of the tributaries. Groundwater resources in the sub-basin, including the
Brazos River alluvium aquifer, have been developed. Near its mouth, channelization and levee
projects have impacted the river. Along with population and land use patterns, diversions from
and return flows to the river have changed over time.

Senate Bill 2, enacted in 2001 by the 77th Texas Legislature, established the Texas Instream Flow
Program (TIFP). The purpose of the TIFP is to perform scientific studies to determine flow
conditions necessary to support a sound ecological environment in the rivers and streams of
Texas (TIFP 2008). With passage of Senate Bill 3 (SB3) in 2007, the Texas Legislature restated the
importance of maintaining the health and vitality of the State’s surface-water resources and
further created a stakeholder process that would result in science and policy based environmental
flow regime recommendations to protect instream flows and freshwater inflows on a basin-by-
basin basis. Instream flow studies function to provide scientific information that can be utilized



during the adaptive management process within SB3 to inform environmental flow
recommendations. As part of the TIFP process, the agency partners identified the middle and
lower Brazos River as a priority sub-basin study area.

Stakeholder involvement has been a key component of the TIFP middle and lower Brazos River
study. Through a series of TIFP sponsored meetings, stakeholders were briefed on the TIFP,
informed about the available information and current conditions in the sub-basin, and provided
a framework from which to define the study goal, objectives, and indicators. From that
foundation, a Study Design document was prepared in 2010 for the middle and lower Brazos
River (TTFP/BRA 2010). This Study Design was peer reviewed by stakeholders and the U.S.
Geological Survey (USGS) and subsequently modified based on comments received.

A wealth of hydrological, biological, geomorphological, and water quality information was
collected and analyzed in support of the SB2 instream flow study. This information has been
condensed and compiled to generate this report. As will be evident throughout this report, the
culmination of study efforts to date have resulted in a characterization of the flow-habitat and
flow-ecological relationships associated with the riverine environment within the middle and
lower Brazos River (Waco, Texas to the Coast).

1.1  Stakeholder Involvement and Study Design

The middle and lower Brazos River sub-basin is shown in Figure 1. As previously stated,
stakeholder involvement was integral in the development of the Study Design for the TIFP
middle and lower Brazos River sub-basin study. This involvement started with initial meetings
to gain historic and current perspectives on the basin, which then led to a series of meetings
designed to develop study specific goals and objectives to guide the development of the study
design. Throughout the study design process, stakeholders provided a wealth of local and
technical knowledge which complemented historical reports and available data. Preliminary
analysis was performed on historical data as well as the data generated in the reconnaissance
efforts and results were presented at basin update meetings. Stakeholders and agency personnel
developed the study goal, objectives, and indicators at subsequent study design workgroup
meetings. The Study Design (TIFP/BRA 2010) focused on:

e Anoverview (Section 1 of the Study Design) of
o Available information, results of preliminary analyses and reconnaissance
surveys,
o Assessment of current conditions, and
o A conceptual model of the middle and lower Brazos River sub-basin;
e Anoverview of the stakeholder process and description of the study goal, objectives, and
indicators developed with stakeholders (Section 2 of the Study Design);
e A description of the proposed technical studies (Section 3 of the Study Design), including
o Study site locations,
o Data collection methods and analysis, and
o Multidisciplinary coordination; and
e An overview of continued stakeholder involvement and future activities (Section 4 of the
Study Design).



The contents of the Study Design document will not be repeated in this document but are
referenced as they constitute a wealth of background information regarding historical and
current-day perspective and study activities.
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Figure 1. Map of the middle and lower Brazos River sub-basin (study boundary depicted).



1.2 Study Goals and Objectives

The overall goal or vision agreed upon by the stakeholders was for “a middle and lower Brazos
River that provides for sustainable environmental, economic, and social uses.” Because of the
TIFP’s mandate (“sound ecological environment”), expertise (environmental rather than
economic and social), and resources (limited), objectives were developed primarily for meeting
the environmental aspects of this goal. Planning for the economic (and to some extent social) uses
of water is covered primarily by the state’s regional water planning process and will, therefore,
not be addressed in this report. Objectives for multiple disciplines (hydrology, biology, physical
processes, water quality, and connectivity) were developed for this TIFP study with an overriding
aim to determine the natural, historic, and current conditions related to each. To evaluate
progress made toward meeting the goal and objectives, a set of indicators were selected. It should
be noted that the use of sport fish as a biological indicator and bacteria as a water quality indicator
does reflect, to some degree, social and economic goals related to recreation.

The objectives for each component were defined as follows:

e Hydrology
o Identify flow regime components and their characteristics
o Identify/define current, historical, and naturalized patterns of flows to
determine potential environmental consequences of changing from these

patterns
o Identify all sources of instream flow and factors which may affect those
sources
e Biology

o Identify flow regimes:
* for the benefit of the native ecosystem (i.e., habitat, flora, and fauna)
* to maintain a diverse aquatic community and prevent the extinction
of native species
* to preserve/protect and restore/improve key habitat features for
native species in river and riparian zones
e Physical Processes/Geomorphology
o Identify interrelationships among flows, bank stability, channel maintenance,
and alluvial and associated aquifers
e Water Quality
o Identify flow-related water quality in the four flow regime components.
e Connectivity
o Identify how flow influences riparian zones integrity and connectivity with
the river
o Identify flows that support lateral connectivity (i.e., oxbows and backwaters)
o Identify flows that support longitudinal connectivity

The following objectives (separate from a discipline) were agreed to by the group:
e Define/determine current, historical and natural conditions in each flow regime
component (overarching objective)
e Evaluate relationships between flow regimes and economic and social uses, including
recreational use
e Consider how water planning studies and instream flow studies will impact and
interact



Tables 1 - 4 list discipline specific indicators identified during the stakeholder process.

Table 1. List of hydrology indicators and their importance to the instream flow study.

Hydrology

Indicators

Category

Indicator

Explanation

Flow regime

Overbank flows

Infrequent, high magnitude flow events that enter the floodplain

components (frequency, timing, ¢ Maintenance of healthy riparian areas
duration, rate of e Transport of sediment and nutrients to/from floodplain
change, and e Connectivity of riparian and floodplain habitats to the river
magnitude) channel
e  Recharge alluvium aquifer
High pulse flows Short duration, high magnitude within channel flow events
(frequency, timing, ¢  Maintain sediment transport and physical habitat features of the
duration, rate of river channel
change, and e  Provide longitudinal connectivity along the river corridor for
magnitude) many species (e.g., migratory fish)
Base habitat flows |Range of average or “normal” flow conditions
(frequency, timing, e  Provide instream habitat quantity and quality needed to maintain
duration, rate of the diversity of biological communities
change and e Maintain water table and support/maintain healthy riparian
magnitudes) vegetation
Subsistence flows | Low flows maintained during times of very dry conditions
(frequency, timing, ¢  Maintain water quality standards
duration, rate of e  Prevent loss of aquatic organisms
change, and e Prevent loss of riparian vegetation
magnitude)
Natural Natural Determination of the natural variability of the above indicators, based on
variability the earliest gage records, which are presumably less impacted by human
activity. The exact time period may vary by gage site.
Current Variability of the above indicators based on the last 20-25 years of gage
records.
Sources of Total flow gainor  |Difference in the amount of water entering and leaving a specific section of

instream flow

loss in section of
river

the river channel. Sources of gains include inflow from tributaries, alluvial
and deeper aquifers, and discharges to the river. Sources of losses include
direct evaporation, transpiration from riparian areas, diversions, and
recharge of alluvial and deeper aquifers. Indicator may be influenced by
shallow groundwater surface elevation and hydraulic head of deeper
aquifers.




Table 2. List of biology indicators and their importance to the instream flow study.

Biology
Indicators
Category Indicator Explanation
Instream Native Richness Richness, or the number of species or taxa, is a measure of
Biological community health, can be applied at a variety of scales (reach to
Communities basin to statewide), and can be related to modifications in flow.

May also use proportions such as the proportion of native to
non-native species.

Relative Abundance

The number of organisms of a particular species as a percentage
of the total community.

Fish
¢  Flow sensitive species
e  Sportfish
e  Prey species
e Imperiled species
¢ Intolerant species

Fish are useful indicators because:
e they occupy a range of habitats and have a variety of
life histories that are generally known
e their position at various levels of the aquatic food chain
provides an integrative view of the watershed
e they are useful for examining both direct toxicity and
stressful conditions by looking at indicators such as
missing species or depressed growth and reproduction
e they are valued by the public
There are many species of fish in the river and all of them
cannot be studied individually. Those that may warrant study
include: flow sensitive species, sportfishes, prey species,
imperiled species, and intolerant species.

Benthic invertebrates
e  mussels
e riparian plants
e  other vertebrates

These may be appropriate as indicators.

Instream Habitat

Habitat Quality and Quantity
for Key Species

Involves relating suitable habitat (microhabitat) and flow for
key species. Habitat attributes may include current velocity,
depth, substrate and cover; other attributes may be important
for some species.

Mesohabitat Area and Diversity

This indicator stems from the knowledge that diverse habitats
support diverse communities. Mesohabitat analysis provides a
quantifiable relationship between larger scale habitat (e.g.
riffles, runs, pools) area and flow; habitat diversity can be
derived from same data. Uses biological data for all species in a
community (e.g., fish species) to define the attributes of each
mesohabitat.




Table 2 (cont). List of biology indicators and their importance to the instream flow study.

Biology
Indicators
Category Indicator Explanation
Riparian Habitat | Vegetation These are key components in assessing the diversity, health, and

Age class distribution
of riparian species
Riparian species
richness and diversity
Density

% Canopy cover

functionality of riparian habitat and ensuring that adequate
riparian species are present for recruitment and maintenance of
the ecosystem. Riparian plants typically must maintain contact
with the water table, so their presence and diversity is an
important indicator of soil moisture (water table) characteristics.
The listed vegetation parameters can be correlated with
important riparian functions, such as stream bank stabilization,
temperature dynamics, and nutrient cycling.

Soils In the absence of riparian vegetative indicators, soil
e Riparian soil types characteristics identified by the soil survey database can be used
to determine past or present hydrologic influence and, hence,
historical riparian area extent.
Hydrology Periodic occurrence of flood (overbanking) flows, associated

Gradient of inundation
Base flow levels

channel dynamics, and the preservation of base flows capable of
sustaining high floodplain water tables are essential to
maintaining the health of riparian ecosystems. Groundwater
depths can be sampled and coupled with surface water data to
produce a probability of inundation curve. Overbanking flow
requirements can be modeled.




Table 3. List of physical processes indicators and their importance to the instream flow study.

Physical Processes

Indicators
Category Indicators Explanation
Bank stability Rate of lateral Rate of lateral movement of channel across valley. Some migration of the

channel migration

channel is crucial to support diverse riparian habitats and a healthy
ecosystem.

Rate of channel

Rate of creation of channel cut-offs. Cut-offs, in the form of oxbow lakes,

avulsion backwater areas, and abandoned channels, provide distinct and important
habitats.

Rate of bank The rate at which flows erode the sides of channels. This will vary by

erosion bank material and condition of the banks (vegetated, saturated, etc.).

Channel maintenance

In-channel bars
(area,
configuration,
sediment size)

Sediment bars are an important in-channel bed form. Flow across these
features provides a diversity of hydraulic conditions. Bar formation, in
combination with opposite-bank erosion, is the driving process behind
channel migration. As bars age, they gradually create new areas of
floodplain and riparian habitat.

Meander pools
(depth)

Meander pools are another important in-channel bed form. Deep pools
provide diverse hydraulic conditions and cover for some species. They
also provide refuge habitat for many species during low flow periods.

Alluvial and
associated aquifers

Flow gain or loss
in section of river

Difference in the amount of water entering and leaving a specific section
of the river channel. Sources of gains include inflow from tributaries,
alluvial and deeper aquifers, and discharges to the river. Sources of losses
include evaporation, evapo-transpiration from riparian areas, diversions,
and recharge of alluvial and deeper aquifers. Indicator may be influenced
by shallow groundwater surface elevation and hydraulic head of deeper
aquifers.

Flood impacts

Stage (at USGS
gage locations)

The National Weather Service provides flood impact summaries for most
USGS streamflow gage sites, based on water surface elevation or “stage.”
These summaries provide an estimate of negative impacts of overbank
flows.




Table 4. List of water quality indicators and their importance to the instream flow study.

Water Quality

Indicators

Category Indicator Explanation

Nutrients Nitrogen Nutrient - any substance used by living things to promote growth. In

Nitrate + Nitrite, | water, the term generally applies to nitrogen and phosphorus.

Ammonia Nitrate-Nitrogen - A nitrogen containing compound that can exist as a
dissolved solid in water. Excessive amounts (>10 mg/L) can have harmful
effects on humans and animals.

Nitrite-Nitrogen - An intermediate oxidation state of the nitrification
process (ammonia, nitrite, nitrate).

Ammonia-Nitrogen - Ammonia, naturally occurring in surface and
wastewaters, is produced by the breakdown of compounds containing
organic nitrogen.

Orthophosphate - The most important form of inorganic phosphorus,

Phosphorus making up 90% of the total. The only form of soluble inorganic phosphorus

Orthophosphate | that can be directly used, it is the least abundant of any nutrient and is

Total commonly the limiting factor.

Total Phosphorus - A measure of all forms of phosphorus in water,
including soluble and particulate phosphorus.

Oxygen Dissolved The oxygen freely available in water. Dissolved oxygen is vital to fish and

Oxygen other aquatic life. Traditionally, the level of dissolved oxygen has been
accepted as the single most important indicator of a water body’s ability to
support desirable aquatic life.

Temperature Temperature The temperature of water is an important factor in an aquatic ecosystem
because it controls biological activities and chemical processes. Stream
systems exhibit diel (daily) temperature variations. Most aquatic organisms
depend upon the environment to regulate metabolic rates and have adapted
to temperature ranges that occur in their habitat. However, alteration of
habitat, especially by human activities, can cause temperatures to exceed
these ranges.

Water clarity Total Suspended | A measure of the total suspended solids in water, both organic and

Solids (TSS) inorganic.

Salinity Salinity The amount of dissolved salts in water, generally expressed in parts per
thousand (ppt).

Specific Specific conductance is a measure of salinity in water. Salty water has high

Conductance specific conductance.

Recreational Bacteria E.coli (freshwater) and enterococci (saline waters) are used as indicators of

health potential waterborne pathogens.

(Contact

Recreation)




2 METHODS AND ANALYSIS

21 Study Site Selection and Study Components

To plan study activities, the middle and lower Brazos River sub-basin was divided into study
areas, reaches, and sites using a three-level approach (TIFP/BRA 2010) (Figure 2). The evaluation
of study areas was high-level and based on significant hydrologic features, resulting in the
designation of four large-scale study areas for the middle and lower Brazos River. Study areas
were numbered 1 through 4, from downstream to upstream. Study Areas 1 (river mile [RM] 0 to
25) and 2 (RM 25 to 226) are within TCEQ Classified Segments 1201 and 1202, respectively. Study
Areas 3 (RM 226 to 311) and 4 (RM 311 to 403) combined are within TCEQ Classified Segment
1242. These four study areas were then further divided into 10 study reaches based on
geomorphologic conditions such as floodplain/channel connectivity and sinuosity (see Phillips
2007 and Table 15 in TIFP/BRA 2010). Unless otherwise noted, river mileages referenced in this
document represent the distance along the Brazos River from the confluence with the Gulf of
Mexico as measured from the National Hydrology Dataset (NHDPlus dataset, 2006 version).

The evaluation of study reaches was more detailed and focused on specific parameters relative
to hydrology (e.g., USGS data and diversions), biology (fish and mussel assemblage data),
geomorphology, and water quality data within the ten reaches (TIFP/BRA 2010). This detailed
evaluation determined which activities were appropriate within the study reaches and which
study reaches no study activities were proposed (see page 48 and 49 of TIFP/BRA 2010).

As it is not economically feasible to study an entire Study Reach, representative study sites within
reaches were selected. Instream and riparian habitats were evaluated based on the aerial
photography and data presented in the study reach assessment were evaluated in detail. The
study site assessment was done to locate representative study sites within each selected Study
Reach.

Coordinates for each specific study site are shown in Table 5 and locations are mapped in Figure
3. Upper and lower boundaries for each site were selected in accordance with guidance from TIFP
(2008). All study sites encompass at least one meander wavelength of river channel, ensuring a
variety of channel structures and bed forms are included. During high flow events, many
dynamic geomorphic processes that adjust channel shape occur. While the flow is rising, flow
may scour the bed and outer edge of meander bends. As flow recedes, deposition may occur on
the bed and along the inner edge of meander bends. The processes of scour and deposition may
not balance exactly for individual high flow events, but geomorphically stable systems will
maintain their physical characteristics (such as channel width and bed forms) over time.
Including at least one meander wavelength of river channel in the study site reduces the impact
of small variations in channel shape or configuration on study results. Boundary locations were
also selected to accommodate accurate hydraulic modeling.
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Figure 2. Texas Instream Flow Program study areas, reaches and sites for the middle and lower
Brazos River.
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Table 5. Coordinates of upper and lower boundaries for each study location.

Study

Site Upper Boundary Lower Boundary
Site County  Number °N W °N W
Marlin Falls 12087 31.243236  96.919853 31.201947  96.900800
Hearne Robertson 12080 30.897217  96.691778 30.879925 96.691264
Mussel Shoals  Brazos 12050 30.602775  96.465244 30.576458  96.426422
Navasota Brazos 12030 30.384058  96.174397 30.371067  96.151217
Wildcat Bend ~ Waller 12020 29.959083  96.106908 29.938789  96.108706
Allens Creek  Fort Bend 12010 29.648706  96.022969 29.633708  95.990539
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Figure 3. Map of six study sites located along the middle and lower Brazos River.

The Technical Overview (TIFP 2008) and Study Design (TIFP/BRA 2010) outlines four major
study components including hydrology and hydraulics, biology, physical processes, and water
quality. Sections 2.2 through 2.5 provide a brief overview of existing conditions and data
collected, and then describe the study activities, locations, and methods for each of the four
components relative to the indicator categories established by the stakeholder process.
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2.1.1 Brazos River at Marlin (Site 12087)

The study site, Brazos River at Marlin (site 12087 in Figure 3), located within Falls County, is
approximately 3.4 river miles (5.5 kilometers [km]) downstream of Farm-to-Market 406 near the
city of Marlin, TX. The study site is 5.5 river miles (8.9 km) in length between RM 367.2 and 361.7.
Mesohabitats at the Marlin study site are dominated by run habitats; however, backwater, pool,
and riffle mesohabitats are all well represented within the study site. Substrates at the Marlin
study site are dominated by gravel and sand with considerable amounts of silt as well. Patches
of large rock and clay are present but in lesser amounts. Near the middle of the study site the
river channel splits and creates a large riffle complex.

2.1.2 Brazos River at Hearne (Site 12080)

The study site, Brazos River at Hearne (site 12080 in Figure 3), is located along the
Milam/Robertson County border approximately 3.0 river miles (4.8 km) upstream of Farm-to-
Market 485 near the town of Hearne, TX. The study site is 3.1 river miles (4.99 km) in length
between RM 323.2 and 320.1. Mesohabitats at the Hearne study site are dominated by run
habitats; however, backwater and pool habitats were also abundant at the sampled flow levels.
Riffle habitats are present but to a much lesser extent. Substrates are primarily sand and gravel
with considerable amounts of silt substrate as well. Immediately downstream of the study site
are at least two large boulder fields in the river channel.

2.1.3 Brazos River at Mussel Shoals (Site 12050)

The study site, Brazos River at Mussel Shoals (site 12050 in Figure 3), is located along the
Burleson/Brazos County border approximately 8.6 river miles (13.8 km) downstream of
Highway 21 near the city of Bryan, TX. The study site is 2.6 river miles (4.2 km) in length between
RM 284.6 282.0. Mesohabitats at the Mussel Shoals study site are dominated by run habitats;
however, riffle habitats are present near the upstream and downstream ends of the study site.
The large riffle complex at the upstream end of the study site is littered with fossilized large
woody debris. Substrates are primarily sand and gravel with considerable amounts of boulder
and bedrock substrates as well. Small patches of silt and clay are also present.

2.1.4 Brazos River at Navasota (Site 12030)

The study site, Brazos River at Navasota (site 12030 in Figure 3), is located along the
Washington/Brazos County border approximately 1.6 river miles (2.6 km) upstream of Highway
105 near the city of Navasota, TX. The study site is 2.6 river miles (4.18 km) in length between
RM 237.4 and 234.8. Just upstream of the study site, there are remnants of an old lock and dam
structure built circa 19101. Mesohabitats at the Navasota study site are dominated by run
habitats; however, backwater, pool, and riffle mesohabitats are all well represented within the
study site. Substrates at the Navasota study site are dominated by sand and gravel with
considerable amounts of cobble and boulder substrates as well. Patches of silt and clay are
present but in lesser amounts.

1 http://us.geoview.info/lock and dam on brazos river washington county circa 1910,41973733p
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2.1.5 Brazos River at Wildcat Bend (Site 12020)

The study site, Brazos River at Wildcat Bend (site 12020 in Figure 3), is located along the
Austin/Waller County border approximately six river miles (9.7 km) upstream of FM 529 near
the town of Burleigh, TX. The study site is 4.7 river miles (7.56 km) in length between RM 176.5
and 171.8. Mesohabitats at Wildcat Bend consist mostly of run habitat with considerable amount
of backwater at all three flow levels sampled. Some of the pools measured were 12-14 feet (3.6-
4.3 meters) deep. At low flow levels, a large riffle complex is exposed near the downstream end
of the study site. Substrates at the study site are primarily sand and silt with small patches of
clay and gravel. Much of the study site contains patches of large woody debris that provide
habitat for fish as well as adds roughness to the channel.

2.1.6 Brazos River at Allens Creek (Site 12010)

The study site, Brazos River at Allens Creek (site 12010 in Figure 3), located along the Austin/Fort
Bend/Harris County border, is 3.7 river miles (5.9 km) long between RM 129.5 and 125.8. The
Allens Creek study site was selected to complement previous work performed at this location
(Osting et al. 2004, Li and Gelwick 2005). During a reconnaissance trip in May 2013, a large sand
and gravel dredging operation was operating at the study site of the previous work. In an effort
to distance our efforts away from sand and gravel operations, the study site was relocated
approximately three river miles downstream of the FM 1093 bridge near the town of Wallis, TX.
The study site is dominated by run and pool mesohabitats with the exception of a unique riffle
feature that is prominent at flows of approximately 3,000 cubic feet per second (cfs). Substrates
at the study site are primarily sand and silt with small patches of clay and gravel.

2.2  Hydrology and Hydraulics

To characterize the flow-habitat and flow-ecology relationships within the riverine ecosystem
supported by the middle and lower Brazos River, hydrology and hydraulics studies focused on
hydrologic analysis, hydraulic modeling in support of instream habitat modeling, and evaluation
of high flow pulse and overbank flows. During the stakeholder process, indicators for hydrology
were identified (TIFP/BRA 2010) including characteristics of flow regime components (including
variability of those characteristics) and sources of instream flow. Flow characteristics are
discussed in Sections 2.2.1 and 2.2.3. Hydraulic modeling in support of other disciplines is
discussed in Sections 2.2.2 and 2.2.3.

2.21 Hydrologic Analysis

The middle and lower Brazos River ecosystem has evolved in response to the inter- and intra-
annual variability in flow that includes cycles of overbank flows, high flow pulses, and
subsistence flows with intervening periods of base flows. This variability in flow is typically
referred to as the flow regime. An evaluation of the flow regime was conducted to assess
hydrological indicators including natural variability, current variability, and gain or loss in river
flow. The USGS) has maintained a network of streamflow gages in the middle and lower Brazos
River sub-basin since the late nineteenth century. Currently, nine streamflow gages are
operational on the main stem of the Brazos River downstream of the City of Waco, with additional
gages on many tributaries. This network allows characterization of spatial changes in the flow
regime (moving upstream or downstream).
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However, the ability to characterize how the flow regime has changed temporally (from early
periods to later periods) is limited as only three gages on the Brazos River (USGS Gage Nos.
08096500 at Waco, 08109000 near Bryan, and 08114000 at Richmond) have continuous records
going back prior to 1960. Even data from these three gages is not entirely free of human influence.
As early as 1936, flows at USGS Gage No. 08096500 on the Brazos River at Waco were regulated
by the original Lake Waco (constructed upstream in 1929) and low flows were affected by
numerous small diversions (Grover et al. 1937). An accurate and accepted estimate of what daily
flows in the basin would look like without human influences (referred to as daily “naturalized
flows”) is under development (Wurbs and Zhang 2016), but is still considered to be
developmental.

Data from gages in the middle and lower Brazos River sub-basin with long flow records (shown
in Table 6) were analyzed to provide an estimate of human impacts on the hydrology of the sub-
basin. USGS Gage Nos. 08108700 (Brazos River at State Highway 21 near Bryan) and 08109000
(Brazos River near Bryan) were included because they are relatively close together (five river
miles) and, as a pair, they provide a long period of record for this part of the Brazos River. Based
on the data from these gages, comparisons were made between contemporary flows in the Brazos
River and flows from earlier time periods when human influence was much less.

Table 6. Unites States Geological Survey stream gages in the middle and lower Brazos River with
long periods of record.

USGS Continuous Record  River Drainage
Gage No. USGS Gage Name Begins  Ends Mile* Area (mi?)
08096500 Brazos River at Waco 1898 Present 401 29,559
08108700 Brazos River at SH 21 near Bryan 1993 Present 286 39,049
08109000 Brazos River near Bryan 1918 1993 281 39,489
08114000 Brazos River at Richmond 1922 Present 92 45,107

"River mileage measured from confluence with Gulf of Mexico as reported in Turco et al. (2007).

When comparing flow statistics from different time periods, it is important to be aware of the role
that natural climate variability may play in any differences that may appear in the statistics.
Through history, the Brazos basin has experienced periods of both severe drought and extreme
wet conditions. That variation can be seen in annual precipitation records of the North Central
Texas Climate Region, which covers a large portion of the Brazos basin (Figure 4). Comparing
statistics from long time periods (such as 20 years) dampens some of the effect of including
extremely wet or dry years in the analysis; however, comparisons may still reflect some natural
differences in meteorology. In addition, the Brazos basin is quite large, including portions of
seven of the ten climate regions in Texas. As a result, part of the basin can be in drought while
wet conditions prevail in other portions of the basin.
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Figure 4. Annual precipitation for the North Central Texas climate region with 20-year moving
average (red line) (data from NCEI 2017).

Authorized water rights in the entire Brazos basin total more than 2.9 million acre-feet per year
(TCEQ 2017). Actual diversion amounts from 2000 to 2014 have averaged about 922,000 acre-feet
per year (TCEQ 2017). For comparison purposes, the average annual flow of the Brazos River, as
measured by USGS Gage No. 08116650 near Rosharon, is slightly more than six million acre-feet
per year.

Relatively large reservoirs were present in the Brazos basin as early as the 1920’s. The largest of
these was the original Lake Waco (replaced with a larger version in 1965), which was completed
in 1929 and had an original storage capacity of about 39,400 acre-feet. Other lakes present in this
time period were the original Lake Mineral Wells (completed in 1920), original Lake Cisco
(completed in 1923), and Lake Kirby (completed in 1927). All of these reservoirs were located on
tributaries of the upper Brazos River and (with the exception of the original Lake Waco) all had
storage capacities of less than 10,000 acre-feet. The first reservoir in the basin with a storage
volume greater than 50,000 acre-feet was Possum Kingdom Lake, completed in 1941. As shown
in Table 7, 17 reservoirs with storage capacities greater than 50,000 acre-feet are now present in
the basin.

There are no reservoirs located on the main stem of the middle and lower Brazos River
downstream of Waco. However, there are a total of 43 reservoirs in the Brazos basin with
individual capacities greater than 5,000 acre-feet located on the upper Brazos River and on
tributaries throughout the basin. These reservoirs have a number of purposes, including flood
control, water supply, hydropower, and industrial cooling. Total reservoir storage in the basin is
about 7.7 million acre-feet including almost 4 million acre-feet of flood storage.
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Table 7. Brazos River basin reservoirs with original storage capacities greater than 50,000 acre-
feet.

Original Storage*
Location Name (acre-feet) Year Completed
Main Stem Possum Kingdom Lake 725,000 1941
Lake Whitney 2,000,000 1951
Lake Granbury 154,000 1969
Tributaries Lake Stamford 58,000 1953
Belton Lake 1,100,000 1954
Lake Graham 53,700 1958
Hubbard Creek Reservoir 318,000 1962
Proctor Lake 374,000 1963
Lake Waco** 726,000 1965
Somerville Lake 508,000 1967
Stillhouse Hollow Lake 630,000 1968
Squaw Creek Reservoir 151,000 1977
Lake Limestone 225,000 1978
Granger Lake 244,000 1980
Lake Georgetown 131,000 1982
Aquilla Lake 146,000 1983
Alan Henry Reservoir 116,000 1994

*Original storage (conservation storage plus flood storage, if applicable) information compiled
from TWDB (2017) and USACE (2017). As a result of sedimentation, a reservoir’s storage
decreases over time. Therefore, these numbers do not reflect current capacities.

** Conservation pool raised by seven feet in 2003 but combined (flood and conservation) storage
not altered by this change.

There is only one stream gage in the basin with a long enough period of record to evaluate the
potential impact of the earliest reservoirs in the basin, USGS Gage No. 08096500 Brazos River at
Waco. Continuous gaging began at this location in 1898, providing more than 20 years of data
prior to the construction of the original Lake Waco in 1929 on the Bosque River, a tributary of the
Brazos River. This gage is a few miles downstream of the location of that reservoir. Lake Possum
Kingdom was completed in 1941, but is more than 280 miles upstream. Lake Whitney, on the
main stem of the Brazos River about 40 miles upstream of the gage, was completed in 1951. Time
periods from before the old Lake Waco (pre-1929), between the old Lake Waco and Lake Whitney
(1929 to 1950), and after construction of the last major reservoirs in the basin (post 1983) were
selected for analysis. Twenty years of continuous data were used from each time-period. To
minimize the impact of different climate conditions on results, the starting year of the 20-year
periods were adjusted to align average annual flow volume during the three time-periods as
closely as possible. The three 20-year periods selected for comparison were 1905-1924, 1929-1948,
and 1989-2008. Average annual flow volumes for these three periods differ by less than six
percent. Other factors that could impact hydrology within and between the time periods, such
as reallocation of storage between flood and conservation pools for Lake Waco or changes in
hydropower operation for Lake Whitney and Possum Kingdom Lake, could not be accounted for
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with the available gaged data. Nevertheless, these time periods broadly represent three different
hydrologic periods in the history of this gage.

Annual peak flows for USGS Gage No. 08096500 Brazos River at Waco were examined and are
shown in Figure 5. Prior to 1950, annual peak flows are highly variable but do not show a strong
trend over time. This implies that the old Lake Waco did not impact annual peak flows at the
Waco gage significantly. Application of a Kruskal-Wallis test (Helsel and Hirsch 2002) does not
detect a difference in annual peak flows between 1905-1924 and 1929-1948 time periods. After
1950, Figure 5 shows a marked reduction in annual peak flows, implying that reservoir
construction from 1950 to 1965 did impact annual peak flows at the Waco gage. Application of a
Kruskal-Wallis test (Helsel and Hirsch 2002) confirms a statistically significant difference in
annual peak flows between the 1989-2008 time period and the two earlier time periods.
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Figure 5. Annual peak streamflow at United States Geological Survey Gage No. 08096500 Brazos
River at Waco, Texas and construction dates for select reservoirs. Time periods for analysis
shown in gray.

Flow duration curves for USGS Gage No. 08096500 Brazos River at Waco for the three time
periods are shown in Figure 6 and Figure 7 and the data is also displayed in Table 8. As shown
in Table 8 and Figure 6, high flows (exceeded 5% or less of the time) are different during the three
time periods. During the middle (1929-1948) time period, the largest flows and those exceeded
five percent of the time were little changed from the earliest time period (1905-1924). However,
flows between these two values were reduced. For example, the flow exceeded one percent of
the time decreased from almost 37,000 cfs in 1905-1924 to about 31,000 cfs in 1929-1948. In the
late time period (1989-2008) flows exceeded less than one percent of the time were reduced
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relative to the two earlier time periods, while flows exceeded between two and five percent of the
time were elevated relative to the earlier time periods. Figure 7 and Table 8 show how the entire
range of flows fared during these three time periods. In the middle time period, flows exceeded
50 percent of the time or more are elevated relative to the earlier time period. For example, the
median flow goes from 665 cfs in the early time period to 866 cfs in the middle time period. The
flow exceeded 90 percent of the time goes from almost 40 cfs in the early time period to more than
110 cfs in the middle time period. Changes in lower flows are much less dramatic from the middle
to late (1989-2008) time period. For example, the median and 90 percent exceedance flows change
modestly from the middle to the late period, growing to 869 and dropping to 91 cfs, respectively.
Application of a Kruskal-Wallis test (Helsel and Hirsch 2002) confirms that the data from the
three time periods are different.
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Figure 6. Occurrence of high flows at United States Geological Survey Gage No. 08096500 Brazos
River at Waco for three time periods (1905-1924, 1929-1948, and 1989-2008).
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Figure 7. Flow duration curves for United States Geological Survey Gage No. 08096500 Brazos
River at Waco for three time periods (1905-1924, 1929-1948, and 1989-2008).

The seasonality of flows at USGS Gage No. 08096500 Brazos River at Waco has also changed over
time. Figure 8 shows average monthly flows for the three time periods examined. The two earlier
time periods (1905-1924 and 1929-1948) show peaks of average monthly flow in May, with flows
in April and June also relatively large in comparison to flows in the rest of the year. In the latest
time period (1989-2008), the peak monthly flow occurs in March, with a secondary peak in June.
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Table 8. Flow exceedance statistics for United States Geological Survey Gage No. 08096500
Brazos River at Waco for three time periods (1905-1924, 1929-1948, and 1989-2008).

Time Period

Exceedance 1/1/1905 to 1/1/1929 to 1/1/1989 to

Probability 12/31/1924 12/31/1948 12/31/2008

(%) (cfs) (cfs) (cfs)

0.0 153,000 158,000 44,000

0.1 99,192 74,540 35,709

0.25 74,970 50,818 34,674

0.5 55,440 41,192 32,600

0. 75 43,444 34,722 31,222

1.0 36,996 31,192 29,696

25 20,840 19,040 23,200

5.0 11,680 11,800 12,460

75 8,100 8,060 7,972

10.0 5,980 6,136 5,756

15.0 3,900 4,060 3,850

20.0 2,660 2,990 2,790

30.0 1,520 1,880 1,690

40.0 1,050 1,280 1,170

50.0 665 866 869

60.0 365 580 612

70.0 208 386 373

80.0 102 238 202

85.0 74 175 149

90.0 39 112 91

925 26 87 61

95.0 20 67 43

97.5 10 39 25

99.0 3 14 14

99.25 3 13 12

99.5 1 12 11

99.75 0 9 6

99.9 0 8 3

100.0 0 6 0.5

Average 1,999,346 2,003,474 1,895,944
Annual
Flow
Volume
(ac-ft/yr)
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Figure 8. Average monthly flows for United States Geological Survey Gage No. 08096500 Brazos
River at Waco for three time periods (1905-1924, 1929-1948, and 1989-2008).

The comparison of data from USGS Gage No. 08096500 Brazos River at Waco for the three time
periods (1905-1924, 1929-1948, 1989-2008) reveals some interesting clues about how reservoir
construction, land use, and agricultural, industrial, and household use have impacted the
hydrology of the middle and lower Brazos River. First, average annual flow volume appears little
changed. As shown in
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Table 8, average annual flow volume between the three time periods varies by less than six
percent.

Second, peak flows have been altered significantly from historical values. As shown in Figure 5,
annual peak flows were not changed early in the gage record (1905-1924 to 1929-1948), but have
changed later in the record (1929-1948 to 1989-2008). It appears that the original Lake Waco,
constructed in 1929 on a tributary of the Brazos River upstream of the gage location, had little
impact on peak flows of the Brazos at Waco. However, annual peak flows are significantly
different in the later time period (1989-2008). Between 1948 and 1989, several large dams were
constructed upstream of Waco, including Lake Whitney in 1951 on the main stem of the Brazos
River and the current Lake Waco in 1965 on a tributary of the Brazos River. Both these lakes have
large flood control pools.

Third, large flows less than peak flows have also been changed, but not always decreased. Figure
6 shows that flows exceeded less than one percent of the time were reduced in the later time
period (1989-2008) relative to the earlier time periods (1905-1924 and 1929-1948). However, flows
exceeded from two to five percent of the time were larger in the later time period. The operation
of large flood control reservoirs is the most likely cause of this change in hydrology. As part of
their regular operation, flood control reservoirs remove larger flows from the system by storing
them temporarily. Later, stored water is released at a reduced flow rate. TIFP notes that although
operation of flood control storage can alter the hydrologic function of a river, flood control
reservoirs provide important benefits to society by mitigating destructive, life-threatening
flooding. Fourth, low flows have increased over time. As shown in Figure 7 and Table 8, flows
exceeded 20 percent of the time or more are increased from the earliest time period (1905-1924)
to the later time period (1989-2008). For example, the median flow increased from 665 cfs to 869
cfs for these two time periods. It's worth noting, however, that this change in lower flows was
already present in flow records from the middle time period (1929-1948). Operation of water
supply reservoirs, which moderate flow conditions by storing water during times of excess and
releasing water during low flow conditions, is the most likely cause of the increase in lower flows.

Fifth, the seasonality of flows has been altered over time. As shown in Figure 8, monthly average
flows in earlier time periods (1905-1924 and 1929-1948) showed pronounced seasonality, with a
large peak in May and relatively high flows in April and June as well. Intra-annual flow
variability is much reduced in the recent time period (1989-2008), with the peak flow month being
March with a secondary peak in June. Moderation of intra-annual flow variability and shifting
of seasonal peaks is a common feature of hydrologic systems impacted by reservoirs.

Hydrologic analysis for additional gage locations on the main stem of the Brazos River was
conducted and is available in Appendix A. Although these additional gages do not have as long
a period of record as was available for the gage at Waco, results show how hydrologic conditions
vary along the length of the middle and lower Brazos River. For comparison purposes, two 20-
year time periods were selected for analysis, 1921-1940 and 1996-2015. These time periods
represent, respectively, a time before and after large reservoir construction in the basin. Twenty
year time periods that account for other factors that may affect hydrology, such as changes in
reservoir operation and construction of smaller reservoirs, could not be identified with the
available gaged data. Flow duration curves for the three locations for the two time periods are
shown in Figure 9 and Figure 10 and Table 9.

As shown in Table 9, average annual flows at each location for the two-time periods are within
23%, 5%, and 4%, respectively, for Waco, Bryan, and Richmond. The large difference in average
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annual flow at Waco compared to the other two locations may be due to a larger impact of
drought on the Brazos Basin upstream of Waco during the more recent time period.
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Figure 9. Occurrence of high flows for Brazos River at Waco, Bryan, and Richmond for two time
periods (1921-1940 and 1996-2015). Data from1/1/1926 to 6/30/1926 unavailable at Bryan. Data
from 1/1/1929 to 9/30/1922 unavailable at Richmond.
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Table 9. Flow exceedance statistics for Brazos River at Waco, Bryan, and Richmond for the two
time periods (1921-1940 and 1996-2015).

Exceedance Waco Bryan Richmond
Probability = 1921-1940  1996-2015 1921-1940* 1996-2015 1921-1940**  1996-2015
(%) Flow (cfs) Flow (cfs) Flow (cfs) Flow (cfs) Flow (cfs)  Flow (cfs)
0.0 158,000 35,800 172,000 84,400 123,000 79,600
0.1 73,287 32,109 120,631 71,344 112,334 75,200
0.25 54,496 29,800 103,193 63,850 89,001 71,575
0.5 39,828 28,748 87,616 54,148 80,900 65,951
0.75 31,822 27,222 63,920 48,066 75,702 62,800
1.0 28,588 25,196 52,570 44,500 69,936 59,502
25 17,140 15,940 33,093 33,440 44,540 44,900
5.0 10,700 8,988 19,385 23,200 29,500 33,400
7.5 7,400 5,750 15,300 17,700 23,000 24,258
10.0 5,614 4,270 12,100 14,200 18,500 20,000
15.0 3,740 2,750 8,140 8,944 13,100 14,100
20.0 2,750 1,950 6,100 6,284 10,100 10,400
30.0 1,660 1,150 3,850 3,220 6,340 5,913
40.0 985 755 2,540 1,884 4,200 3,570
50.0 590 465 1,640 1,220 2,840 2,260
60.0 342 293 1,080 918 1,910 1,560
70.0 207 183 694 690 1,330 1,090
80.0 125 111 477 512 930 775
85.0 98 79 400 438 760 645
90.0 74 56 314 360 640 533
92.5 62 47 270 321 565 480
95.0 46 37 224 285 500 423
97.5 28 26 167 228 425 343
99.0 13 14 134 181 301 277
99.25 12 12 125 167 264 260
99.5 9 11 114 153 159 246
99.75 3 8 103 141 103 220
99.9 3 5 95 132 53 200
100.0 3 3 89 120 35 182
Average 1,761,286 1,355,510 3,694,881 3,529,001 5,408,980 5,200,329
Annual
Flow
Volume
(acre-feet
per year)

*Data unavailable from 1/1/1926 to 6/30/1926.
**Data unavailable from 1/1/1921 to 9/30/1922.
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Figure 10. Flow duration curves for Brazos River at Waco, Bryan, and Richmond for two time
periods (1921-1940 and 1996-2015). Data from1/1/1926 to 6/30/1926 unavailable at Bryan. Data
from 1/1/1929 to 9/30/1922 unavailable at Richmond.

Monthly median flows were calculated for the Waco, Bryan, and Richmond study sites for early
and current time periods. For that analysis, an older time period of 1923 to 1942 was used to have
20 years of data for each month (the Bryan and Richmond gages are missing a few months of data
in the earlier 1921 to 1940 time period). Results are shown in Figure 11.
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Figure 11. Median monthly flows for Waco, Bryan, and Richmond for two-time periods (1923-
1942 and 1996-2015).

2.2.2 Hydraulic and Habitat Models

In addition to statistical analysis of the flow record at existing gages, site-specific field studies
focused on the development of two-dimensional (2D) hydraulic and habitat models for base flow
conditions at each of the six modeling sites.

The 2D hydraulic model utilized for this project was Adaptive Hydraulics Modeling system
(ADH) (Berger et al. 2011). ADH is an unstructured finite element computer software package
capable of modeling 2D and three-dimensional (3D) shallow water equations, 3D Navier-Stokes
equations, groundwater equations and groundwater-surface water interactions. ADH solves the
hydraulic and sediment transport equations while dynamically adapting the mesh so that a
coarse mesh can give results as accurate as a mesh with finer resolution (Berger et al. 2011) (see
Figure 12).
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Figure 12. Example of the dynamically adaptive mesh of Adaptive Hydraulics Modeling
showing how the mesh characteristics change over time (top, middle, bottom panels) as a
sediment plume moving downstream (left to right) is modeled (from Berger et al. 2011).

ADH contains other useful features such as wetting and drying and completely coupled cohesive
and non-cohesive sediment transport. The User’s Manual for Adaptive Hydraulics Modeling
system provides additional information on the hydrodynamic modeling capabilities of ADH
(Berger et al. 2011).

Field data necessary to construct an ADH model include the following;:

e Topography/bathymetry,
e  Water surface elevations,
e Discharge,

e Substrate, and

e Instream cover.

At each model study site, complete channel and near-channel floodplain Digital Terrain Models
(DTM) were created using a combination of conventional survey equipment and survey grade
Global Positioning System (GPS) equipment (centimeter accuracy) coupled with a hydro-acoustic
depth sounder.

Calibration data for 2D hydraulic modeling consisted of measurements to develop a stage-
discharge relationship at the upstream and downstream end of each habitat study site. Water
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surface elevations were measured throughout the study site at a minimum of three different
discharges. Detailed water surface elevations were measured with survey grade GPS and/or
conventional surveying equipment at a minimum of three flows (across a range of flows from the
40 to 80 percent exceedance flows) to adequately characterize changes in edge of water and water
surface slope throughout the study site (see Table A-5in Appendix A). Water level measurements
were referenced to onsite benchmarks installed at study site boundaries (upstream and
downstream) and at intermediate transition points (mid-site or at grade controls). Elevations for
each benchmark were determined using post-processed survey-grade GPS linked to the nearest
available, established National Geodetic Survey (NGS) Continuously Operating Reference
Stations (CORS).

Substrates were mapped at each study site based on dominant and subdominant particle sizes
(see Figure 13 for an example). In areas too deep for visual characterization, sampling with an
Ekman dredge (or equivalent sediment sampler) or sounding was used to characterize the
substrate.
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Figure 13. Substrate characterization at the Allens Creek study site.

DTM were generated for each study site using all available topographic and elevation data (e.g.,
Figure 14). The hydraulic model mesh geometry was created from the DTM. Mesh refinement
involved localized geometry refinement and application of substrate roughness. Calibration of
model output at all study sites considered all available elevation, flow, velocity, and depth
measurements.

Spatially-explicit 2D hydraulic model output was used to determine the area of available habitat
for all six study sites for a range of in-channel flows (see Section 2.3.8). This range represented
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flows exceeded in the daily flow record from 40 to more than 80 percent of the time (for example,
250 cfs to nearly 4,000 cfs at the Allens Creek study site). See Table A-5 in Appendix A for a
complete list of modeled flows and their corresponding percent exceedance values.

Figure 14. Digital terrain model for the Brazos River at the Allens Creek study site.

Model calibration was completed for at least three flow rates at each study site. The range of
calibrated flows covered the low, moderate, and higher flow conditions relative to the range of
all flows evaluated (250 to 4,000 cfs). To model additional intermediate flow rates, rating curves
relating flow rate to water surface elevation were developed at each study site to determine
boundary conditions. At each study site, a uniform, triangular, finite element mesh with
approximately 5- to 25-foot spacing between nodes (vertices), depending on study site geometry,
was used (Figure 15). Based upon field data, the model mesh included channel areas both
upstream and downstream of study site boundaries. Habitat was not considered in these "extra"
upstream and downstream areas located outside the study site boundaries. The model included
these extra areas to ensure depth and velocity fields inside the study site boundaries were not
influenced by spurious numerical effects that have the potential to occur at upstream and
downstream boundaries. Similarly, the model mesh included near-channel floodplain area on
both sides of the channel to ensure wetted water edges along the banks did not extend to the edge
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of the model. At each study site, the same geometric mesh was used for all modeled flow rates.
Adjustments to the mesh made at a particular steady-state flow rate were carried through to each
of the other flow rates at the same study site.
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Figure 15. Adaptive Hydraulics Modeling 2-D model mesh for the Brazos River at the Allens
Creek study site.

Calibration proceeded by adjusting model inputs so that model predictions of water surface
elevation tracked field observations. Calibration was accomplished primarily by adjusting
roughness values. Bathymetry and downstream water surface elevation boundary conditions
were also adjusted in some cases. In ADH, the Manning “n” roughness is assigned by elements
and was based on substrate material.

Water surface elevation was the primary indicator used for calibration, with some consideration
of point measurements of depth and velocity as well. Adjustments to model inputs were made
until model predictions for water surface elevation matched field data near the downstream
benchmark, near the upstream benchmark, and at intermediate locations where field data were
available. Predicted depth and velocity were matched as nearly as possible at discrete points
where observations were available. In limited areas exhibiting abrupt, localized changes in water
surface elevation, bathymetric complexities (e.g., areas with rock outcrops or ridges forming
water surface steps) were incorporated into the mesh where bathymetric, photographic, and/or
water surface elevation data were available. Based upon professional judgment, additional
changes to bathymetry were made in localized areas (e.g., within secondary channels or within
constricted areas of the main channel during very low flow) to ensure predicted flow rate, wetted
width, water edge, and/or water surface elevations matched observations.

For most calibrated models the predicted water surface elevation profile matched observations
within 0.1 feet. Very seldom did the models computed water surface differ from observed
measurements by more than 0.15 feet. Validation measures included water surface elevation
measurements at upstream and mid-reach locations, field maps of water’s edge, and comparison
to velocity and depth point measurements. The ADH model results were used to quantify
relationships between streamflow and instream habitat (see Section 2.3.8). Calibration flows and
modeled flows for each study site are listed in Table A-5 in Appendix A.

31



2.2.3 High Flow Pulse and Overbank Assessment

The characteristics of high flow pulse and overbank flows were evaluated using the available
USGS stream gage data described in Section 2.2.1. Characteristics examined included peak flow,
duration, and time of year of events. Results for the USGS Gage No. 08096500 Brazos River at
Waco are shown in Figures 16 and 17. The two time periods shown in these figures are the oldest
20 years of continuous data for this gage (1889-1918) and a recent 20-year period (1991-2010).
These time periods were selected because their average annual flow volume is similar (1.76
million acre-feet for 1889-1918 and 1.77 million acre-feet for 1991-2010) and they represent the
least altered hydrologic conditions (1899-1918) and the current operation of reservoirs in the basin
(1991-2010). Similar results for additional gages are included in Appendix A.

Figure 16 shows the relationship between magnitude and duration of pulse and overbank flow
events as measured at the USGS Gage No. 08096500 Brazos River at Waco. In this figure, the peak
flow is not the instantaneous peak, but rather the largest average daily flow observed for the
event. Instantaneous peak flows would be expected to be higher. The duration of the event is
the number of days that the average daily flow was 5,000 cfs or greater. A flow of 5,000 cfs was
selected as being representative of low magnitude pulse events (exceeded about 10 percent of the
time in the daily flow records for both the 1889-1918 and 1991-2010 time periods).

Data from the USGS gage at Waco shows a dramatic difference in the hydrology of pulse flows
from the early to contemporary time period (Figure 16). In the early time period, average daily
peak flow magnitudes were much larger than in the contemporary period. This is consistent with
the reduction in annual instantaneous peak flows shown in Figure 4 of Section 2.2.1. The duration
of high flow events increased dramatically from the early to the contemporary time period. Both
the decrease in event peaks and the increase in event durations can be attributed to the operation
of large reservoirs upstream of this gage.

TIFP notes that although reservoir operations in the Brazos River Basin can alter the hydrologic
function of the river, these reservoirs provide important benefits to society by mitigating
destructive, life-threatening flooding and ensuring water supply for growing populations.
Regarding overbank flow events, flood control reservoirs reduce these events by storing them in
their flood control pools and then releasing that stored volume at a reduced flow rate over a
longer period of time. The U.S. Army Corps of Engineers (USACE) owns and operates many of
the basin’s reservoirs. The USACE has established control discharges (downstream flow targets)
that are maintained to the extent possible during large rainfall events to mitigate flooding and
the resultant threats to human health, safety and property. Water supply reservoirs have similar
impact on high flow pulses as they capture those events to replenish their conservation pools.
Reservoir operations, including releases for downstream use and hydropower generation, may
also affect high pulse and overbank flows. The focus of TIFP studies is the environmental aspect
of streamflow; at the present time, the system of reservoirs in the basin reduces the peaks and
increases the duration of high pulse and overbank flow events. This alteration of pulse events is
less pronounced at gage locations downstream of Waco.

Data from the USGS gage at Waco also show how the timing of high pulse and overbank flows
throughout the year has changed over time (Figure 17). Again, data for all flow events greater
that 5,000 cfs in the time periods 1899-1918 and 1991-2010 are displayed. The day of the calendar
year that events begin (i.e., first day flow is 5,000 cfs or greater) is plotted on the x-axis and the
cumulative percentage of events with a start day less than or equal to this value is plotted on the
y-axis. There are a couple of noteworthy differences between the plots from the two time periods.

32



In the early time period (1899-1918), only about 14% of events began before May 1 (day 121),
about 35% of events began in May and June (days 121 to 181), and about 25% of events began in
July, August, and September (days 182-273). In the recent time period (1991-2010), about 45% of
events began before May 1 (day 121), about 25% of events began in May and June (days 121 to
181), and only about 7% of events began in July, August, and September (days 182-273).
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Figure 16. Peak and duration for flow events greater than 5,000 cubic feet per second at United
States Geological Survey Gage No. 08096500 Brazos River at Waco.
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Figure 17. Distribution of days flow events greater than 5,000 cfs begin for Unites States
Geological Survey Gage No. 08096500 Brazos River at Waco.

To consider the needs of riparian areas (see Sections 2.3.14 and 3.3.1), a linear interpolation model
was developed to estimate water surface elevations of pulse and overbank flows at riparian study
sites along the middle and lower Brazos River (Figure 18 and Table A-4 in Appendix A). This
model made use of rating curves from the seven active USGS stream gages on the main stem of
the Brazos River between Waco and the coast to 